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NOTE BY THE AMERICAN EDITOR, 



My object in undertaking the revision of the Treatise 

on Optics by Dr. Brewster was, principally, to introduce 

an Appendix, containing such a discussion of the subjects 

of Reflexion and Refraction, as might adapt the work to 

use in those of our colleges in which considerable exten. 

sion is given to the course of Natural Philosophy. In 

this revision, I have thought it best, without specially 

calling the attention of the reader to them, to correct 

such errors as my comparatively limited knowledge of 

the subject assured me, would not have been passed 

over by the author in a second Edition. 

A. D. BACHE. 
I'hiladelphia, Jan., 183a 
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A TREATISE ON OPTICS. 



INTRODUCTION. 

(1). Optics, from a Greek word which signifies to see, is 
that branch of knowledge which treats of the properties of 
Ught and of vision, as performed by the human eye. 

(2). Light is an emanation, or something which proceeds 
from bodies, and by means of which we are enabled to see 
them by the eye. All visible bodies may be divided into two 
classes — self-luminous and nonrluminous. 

Self-luminous bodies, such as the stars, flames of all kinds, 
and bodies which shine by being heated or rubbed, are those 
which possess in themselves the property of discharging light 
Non-luminous bodies are those which have not the power of 
discharging light of themselves, but which throw back the 
light which falls upon them from self-luminous bodies. One 
ooQ-luminous body may receive light from another non-lumi- 
nous body, and discharge it upon a third ; but in every case 
the light must originaily come from a self luminous body. 
When a lighted candle is brought into a dark room, the form 
of the flame is seen by the li^ht which proceeds from the 
flame itself; but the objects in the room are seen by the light 
which they receive from the candle, and again throw back ; 
while other objects, on which the light of the candle does not 
&11, receive light from the white ceiling and walls, and thus 
become visible to the eye. 

(3). All bodies, whether self-luminous or non-luminous, dis- 
chirge light of the same color with themselves. A red flame 
or a red-hot body discharges red light ; and a piece of red 
cloth discharges red light, though it is illuminated by the 
white light of the sun. 

(4). Light is emitted from every visible point of a luminous 
or of an illuminated body, and in every direction in which the 
point is visible. If we look at the flame of a candle, or at a 
sheet of white paper, and magnify them ever so much, we 
shall not observe any points destitute of light 
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J 5.) Light moves in straight lines, and consists of separate 
[ independent parts, call^ rays of light If we admit the 
light of the sun into a dark room through a small hole, it will 
illuminate a spot on the wall exactly opposite to the sun, — the 
middle of the spot, the middle of the hole, and the middle of 
the sun, being all in the same straight line. If there is dust 
or smoke in the room, the progress of the light in straight 
lines will be distinctly seen. If we stop a very small portion 
of the admitted light, and allow the rest to pass, or if we stop 
nearly the whole Tight, and allow only the smallest portion to 
pass, the part which passes is not in the slightest degree af- 
fected by its separation fix)m the rest The smallest portion 
of light which we can either st<^ or allow to pass is called a 
ray of li^ht. 

(6). Light moves with a velocity of 192,500 miles in a 
second of time. It travels from the sun to the earth in seven 
minutes and a half. It moves through a space equal to the 
circumference of our globe in the 8th part of a second, a 
flight which the swiftest bird could not perform in less than 
three weeks. 

(7). When light fells upon any body whatever, part of it is 
reflected or driven back, and part d[ it enters the body, cmd is 
either lost within it or transmitted through it When the 
body is bright and well polished like silver^ a great part of the 
light is reflected, and the remainder lost within the silver, 
whidi can transmit light only when hammered out into the 
thinnest film. When the body is transparent, like glass or 
toater, almost aU the light is transmitted, and only a small 
part of it reflected. The light which is driven back from 
bodies is reflected according to particular laws, the considera- 
tion of which forms that branch of optics called catoptrics; 
and the light which is transmitted through transparent bodies 
is transmitted according to particular laws, the consideration 
of which constitutes the subject of dioptrics. 
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PART I. 
ON THE REFLEXION AND REFRACTION OF LIGHT. 



CATOPTRICS. 



(8.) Catoptrics is that branch of optics which treats of 
the process of rays of light after they are reflected from sur- 
&ce8 either plane or curved, and of the formation of images 
from objects placed before such surfaces. 

CHAP. I. 

REFLEXION BY SPEC17LA AND MIRRORS. 

(9.) Any substance of a regular form employed for the pur- 
pose of reflecting light, or of forming images of objects, is 
called a speculum or mirror. It is generally made of metal 
or glass, having a highly polished surmce. The name of mir- 
ror is commoi3y given to reflectors that are made of glass ; 
and the glass is always quicksilvered on the back, to make it 
reflect more light The word speculum is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
or of grain tin mixed with copper. 

(10.) Specula or mirrors are either plane, concave, or 
convex. 

hpUme speculum is one which is perfectly flat, like a look- 
mg-^lass ; a concave speculum is one which is hollow like the 
inside of a watch-glass ; and a convex speculum is one which 
is round like the outside of a watch-glass. 

As the light which falls upon glass mirrors is intercepted 

by the glass before it is reflected from the quick-silvered sur- 

ace, we shall suppose all our mirrors to be formed of polished 

metal, as they are in almost all optical instruments. 

(11.) When a ray of light, A I),^fi". 1., falls upon a plane 

speculum, M N, at the point D, it will 
be reflected or driven back in a direction 
D B, which is as much inclined to E D, 
a line perpendicular to M N, as the ray 
A D was ; that is, the angle B D E is 
equal to A D E, or the circular arc B E 
is equal to E A. 
B 
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The ray A D is called the incident ray, and D B the re- 
flected ray, A D E the angle of incidence, and B D E the 
angle of reflexion ; and a plane passing through A D and 
D B, or the plane in which these t>\'o lines lie, is called the 
plane of incidence, or the plane of reflexion, 

(12.) When the speculum is concave, as M N,Jig. 2., then 

if C be the centre of the circle of 

which M N is a part, the incident ray 

A D and the reflected ray D B will 

form equal angles with the line C D, 

which is perpendicular to the small 

portion of the speculum on which the 

ray falls at D. Hence in this case also 

the angle of incidence A D E is equal 

to the angle of reflexion B D E. 

(13.) When the speculum is convex, as M N,^^. 3., let C 

f^ 2 ^ ^^® centre of the circle of which M N 

^' * forms a part, and C E a line drawn 

^^-^^.^^ through D ; then the angle of incidence 

ByC ^\^ A D E will be equal to the angle of re- 

/\ y\ flexion B D E. 

I j\/^ \ These results are found to be tr^e by 

1 ^jl|rtggyBiBfa||wJ experiment; and they may be easily 

jjf^^ ^^TCT proved by admitting a ray of the sun^ 

light through a hole in the window-shut- 
ter, and making it Ml on the mirrors 
M N in the direction A D, when it will 
^ be seen reflected in the direction D R 

If the mcident ray A D is made to approach the perpendicular 
D E, the reflected ray D B will also approach the perpendicu- 
lar D E ; and when the ray A D falls in the direction E D, it 
will be reflected in the direction D E. In like manner 
when the ray A D approaches to D N, the ray D B will ap- 
proach to D M. 

(14.) As these results are true under all circumstances, we 
may consider it as a general law, that when light falls upon 
any surface, whether plane or curved, the angle of its reflex- 
ion is equal to the angle of its incidence. 

Hence we have a method of universal application for find- 
ing the direction of a reflected ray when we know the direc- 
tion of the incident ray. If A D, for example, ^5. 1, 2, 3., 
is the direction in which the incident ray falls upon the mirror 
at D, draw the perpendicular D E in^^. 1., and in fg, 2 or 
fig, 3. draw a line from D to C, the centre of the curved sur- 
face M N ; and, having described a circle M B E A N round 
D as a centre, take the distance A E in the compasses and 
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ranyit fromE to B, and having dtawn a line fnnnD to B,DB 

will be the directioii of the reflected raj. 

Reflexion of Bagifrmn Plane Mtrrort. 

(15.) Re^xion ^parallel rays. When jHiallel or eqaidi»> 

tut rays, A D, A' D',J^. 4., are incident upon a pUne rair- 




nr, U N, they will continue to 1)e parallel alter reflexion. Bjr 
the method already explained, describe arches of circles iooihI 
D^ D' as centres, and make the arch trom E towards B equal 
to that between A D and D E, and also the arch &om E' to- 
wards B* equal to that between A' D' and D' E' ; tlien drawing ' 
the lines D B, D' B', it will be found that these linea are pai^ 
(lleL If the space between A D and A' B' is filled with other 
lays parallel to A D, so as to constitute a parallel beam or 
ma of light, A A' D' D, the reflected rays will be all parallel 
(e B D, and will constitute a parallel reflected beam. The 
leflected beam, however, will be inverted ; for the side A D, 
which was uppennoet before reflexion, will be undennoet, as 
at D B, after reflexion. 

(1ft) Rejiexum of diverging ray*. Diverging rays are 
tlime which proceed fi:om a point, A, and separate as they ad- 
WKW, like A D, A ly, A D". When such lays fall upon a 
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Sane miner M N,^^. 5., they will be reflected in directions 
B, D' B', D" B", maltiiig the angles B D E, B' D" E', 
B" D" E" respectively, equal to A D E, A D' E', A D" E"; 
the lines D E, D' EJ D" E" being drawn from the points 
D, D', D", where the rays are incident, perpendicular W M N ; 
and by continuing the reSected rays bacltwards, they will be 
found to meet at a point A' as &r behind the mirror M N aa 
A is 6e/ore it ; that is, if A N A' be drawn perpendicular to 
M N, A' N will be equal to A N. Ilcnce the niys will have 
the same divergency after reBexion as they had before it. If 
we consider A D" D as a divergent beam of light included 
between A D and A D", then the reflected beam included 
between D B and D" B" will diverge fifom A', and will be in- 
verted after reHesion. 

(17.) Itefiexion of converging ray*. Converging rays 
are those which proceed from several points A A' A", fig. 6., 
towarda one point B. When such i«ys fitU upon a plane 




mirror, M N, they will be reflected in directions D B', D" B*, 
D" B', forming the lame angles with the perpendicuWs D E, 
D'E', ly'E", as the incident rays did, and convening to a point 
'B' as &r before the mirror as the point B is behmd iL If we 
consider A D D" A" as a convergmg beam of light, D" B' D 
will be its form after reflexion. 

In all these cases the reflexion does nothing more than 
invert the incident beam of light, and shift its point of diver- 
gence or convergence to the oppceita side of the mirrcff. 



Reflexion of Eai/s from Concave Minort. 

(la) Rejlexum of ■parallel rays. Let M N, fig. 7., be a 

concave mirror wbcee centre of concavity is C ; arid let A D, 

AM, A N be parallel rays, or a parallel beam of light &l]ing 
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opoo it, at and near to the vertex D. Then, since C M, C N 
are perpendicular to the sur&ce of the mirror at the points M 
andN, CMA,CNA will be the angles of incidence of the 
raysAM, AN. Make the angles of reflexion C M F, C N P 
equal to C M A, C N A, and it will be found that the lines 
M P, N F meet at P in the line A D, and these lines M P, 
N P win be the reflected rays. The ray A C D being per- 
pendicular to the mirror at D, because it passes through the 

Fig. 7. 




centre C, will be reflected in an opposite direction D P ; so 
that all the three rays, A M, A D, and A N, will meet at one 
point, P. In like manner it will be found that all other rays 
between A M and A N, ialling upon other points of the mirror 
between M and N, will be reflected to the same point P. The 
point P, in which a concave mirror collects the rays which fell 
upon it, is called the ybcu«, or fireplace, because the rays thus 
collected have the power of burning any inflammable body 
placed there. When the rays which the mirror collects are 
parallel, as in the present case, the point P is called its prinr 
cipal focus, or i\s focus for parallel rays. When we consider 
that the rays which form the beam A M N A occupy a large 
space before they fall upon the mirror M N, and by reflexion 
are condensed upon a small space at P, it is easy to understand 
bow they have the power of burning bodies placed at P. 

RuuL — ^The distance of the fecus P from the nearest point 
or vertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equal to one half of C D, the radius 
of the mirror's concavity. The distance P D is called the 
principal focal distance of the mirror. The truth of this rule 
may be found by projecting Jig, 7. upon a large scale, and by 
taking the points M N-near to D. 

(19.) Reflexion of diverging rays. Let M N, fig, 8., 
be a concave mirror, whose centre of concavity is C; 
and let rays A M, A D, A N, diverging or radiatmg from 
the point A, fall upon the mirror at the points, M, D, N, 
and be reflected from these points; M and N being near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mirror at the points M, D, and N, we shall find 

B2 
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Fig. 8. 




the reflected rays M F, N F, by making the angle F M C 
equal to A M C, and F N C equal to A N C ; and the point F 
where thesd rays meet will be the focus where the diverging 
rays A M, A N are collected. By comparing^. 7. with Jig. 
8. it is obvious that, as the incident ray A M in^. 8. is nearer 
the perpendicular C M than the same ray is in^. 7., the re- 
flected ray M F will also be nearer the perpendicular C M 
than the same ray in Jig: 7. ; and as the same is true of the 
reflected ray N F, it follows that the point F must be nearer 
C in^^. 8. than in^g. 7. ; that is, in the reflexion of diverg- 
ing rays the focal distance D F of the mirror is greater than 
its focal distance for parallel rays. 

If we supix>se the point of divergence A, Jig. 8., or the 
radiant point, as it is called, to approach to C, the incident 
rays A M, A N will approach to the perpendiculars C M, C N, 
and consequently the reflected rays M F, N F will also ap- 
proach to C M, C N ; that is, as the radiant point A approaches 
to the centre of concavity C, the focus F also approaches to 
it, so that when A reaches C, F will also reach C ; that is, 
when rays diverge from the centre, C, of a concave mirror, 
they will all be reflected to the same point 

If the radiant point A passes C towards D, then the focus F 
will pass C towards A ; so that if the light now diverges from 
F it will be collected in A, the joints that were formerly the 
radiant points being now the foci. From this relation, or in- 
terchange, between the radiant points and the fixii, the points 
A and F have been called conjugate foci, because if either 
of tliem be the radiant point the other will be the ^bcflZ point 

If in fig. 7. we suppose F to be the radiant point, then the 
focal point A will be at an infinite distance ; that is, the tsljs 
will never meet in a focus, but will be parallel, like M A, N A 
infig.7. 

In like manner it is obvious, that if the point F is aXf, as in 
fig. 9., the reflected rays will be Ma, No; that is, they will 
diverge from some point, A', behind the mirror M N ; and as 
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Fig. 9, 
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/approaches to D, they will diverge more and more, as if the 
point A', fh)m which they seem to diverge, approached to 
D. The point A' behind the mirror, from which the rays M a, 
N a seem to proceed, or at which they would meet if thev 
moved backwards in the directions a M, a N is called their 
virtual focus, because they only tend to meet in that fbcua 

In all these cases the distance of the focus F may be deter- 
mined either by projection or by the following rule, the radius 
of the concavity of the mirror, C D, and the distance, A D, 
of the radiant point, being given. 

Rule. Multiply the distance, A D, of the radiant point from 
the mirror by the radius, C D, of the mirror, and divide this 
product by the difference between twice the distance of the 
radiant point and the radius of the mirror, and the quotient 
win be F D, the conjugate focal distance required. 

In applying this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (as 
9tf,fig. 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
will be given by the rule. 

(20.) Reflexion of converging rays. Let M N,Jig. 10., be 
a concave mirror whose centre of concavity is C, and let rays 
A M, A D, A N, converging to a point A' behind the mirror, fall 
apon the mirror at the points M, D, and N, and suffer reflexion 
at these points ; M and N being near to D. The lines C M, G D, 
and C N being perpendicular to the mirror at the points M, D, 
and N, we shall find the reflected rays M F and N F by malung 
the angle F M C equal to A M C, and FNC equal to A N C; 
and the point F, where these rays meet, will be \he focus where 
the converging rays A M, A N are collected. By comparing 
fig. 10. with^^. 7. it will be manifest, that, as the incident ray 
A M in Jig. 10. is farther from the perpendicular C M than 
the same ray A M in Jig. 7., the reflected ray M F in^. 10. 
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Fig. 10. 




will also be farther from the perpendicular C M than the same 
ray in^^. 7. ; and as the same is true of the reflected ray N P, 
it follows that the point F must be farther from C iafig. 10. 
than in^^. 7. ; that is, in the reflexion of converging rays, 
the conjugate focal distance D F of the mirror is less than its 
distance for parallel rays. 

If we suppose the point of convergence A', fig, 10., to ap- 
proach to D, or the rays A M, A N to become more conver- 
gent, then the incident rays A M, A N will recede from the 
perpendiculars CM, C N ; and as the reflected rays M F, 
N F will also recede from C M, C N, the focus F wiQ like- 
wise approach to D; and when A' reaches D, F will also 
reach D. 

If the rays A M, A N become less convergent, that is, if 
their point of convergence A' recedes farther from D to the 
left, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, as in 
fig, 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
following rule. 

Rule. Multiply the distance of the point of convergence 
from the mirror by the radius of the mirror, and divide this 
product by the sum of twice the distance of the radiant point 
and the radius C D, and the quotient will be the distance of 
the focus, or F D, the focus F being always in front of the 
mirror. 

Reflexion of Rays from Convex Mirrors, 

(21.) Reflexion of parallel rays. Let M N, fig, 11., be a 
convex mirror whose centre is (J, and let A M, A D, A N be 
parallel rays falling upon it Continue the lines C M and C N 
to E, and M E, N £ will be perpendicular to the surface of 
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the mirror at the points M and N. The rays A M, A N will 
therefore be reflected in directions M B, N B, the angles of 
reflexion E M B, E N B bein^ equal to the angles of incidence 
E M A, E N A. By continumg the reflected rays B M, B N 
backwards, they will be found to meet at F, their virtual focus 
behind the mirror ; and the focal distance D F for parallel rays 

Fig.n. 




win be almost exactly one half of the radius of CGnvexity 
C D, provided the pomts M and N are taken near D. 

(^) Reflexion of diverging rays. Let M N,ftf, 12., be a 
ooDvex mirror, C its centre of convexity, and A IV^ AN rays 
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diverging from A, which fall upoa the mirror at the points 
M,N. The lines CMEandCNEwillbe, as before, pw- 
pendiculai: to the mirror at M and N ; and consequenUy, if 
we make the angles of reflexion E M B, E N B equal to the 
angles of incidence E M A, E N A, M B, N B will be the re- 
flected rays which, when continued backwards, will meet at 
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F, their virtual focus behind the mirror. By comparing fy^, 
12. with Jig, 11., it is obvious that the ray A M, Jig. 12., is 
&rther from M E than in Jig, 11., and consequently the re- 
flected ray M B must also be &rther &om it. Hence, as tiie 
same is true of the ray N B, the point F, where these rays 
meet, must be nearer to D in Jig, 12. than in Jig, 11. ; that is, 
in the reflexion of diverging rays, the virtual fixaJ distance 
D F is less than for parallel rays. 

For the same reason, if we suppose the point of divergence 
A to approach the mirror, the virtual focus F will also approach 
it ; and when A arrives at D, F will also arrive at D. Li like 
manner, if A recedes from the mirror, F will recede from it; 
and when A is infinitely distant, or when the rays become 
parallel, as in^^. 11., F will be half-way between D and C. In 
all these cases, the focus is a virtual one behind the mirror.* 



CHAP. IL 

IMAGES FORMED BY MIRRORS. 

(23.) The image of any object is a picture of it formed 
either in the air, or in the bottom of the eye, or upon a White 
ground, such as a sheet of paper. Images are generally form- 
ed by mirrors or lenses ; though they may be formed also ^ 
placmg a screen, with a small aperture, between the object 
and the sheet of paper which is to receive the image. In 
order to understand this, let C D be a screen or window-shutp 

Fig. 13. 




ter with a small aperture, A, and E F a sheet of white paper 
placed in a dark room. Then, if an illuminated object, R G !E^ 
IS placed on the outside of the shutter, we shall observe an in- 
verted image of this object painted on the paper sir g b. In 
order to understand how this takes place, let us suppose the 
object R B to have three distinct colors, red at R, green at 6, 
and blue at B; then it is plain that the red light m>m R will 

* For a discuBsion of the subjects in this chapter, see (in the College Edi 
tion) the Appendix of American Editor, Chapter I. 
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puB in strai^t lines through the aperture A, and &11 upon 
the paper E F at r. In like manner the green liffht from G 
will fiJl upon the paper at g, and the blue light from B will 
ftll upon Uie paper at b ; thus painting upon the paper an inr 
wrted image, r 6, of the object, R R As every colored pcnnt 
in the object R B has a colored point corresponding to it, and 
opposite to it on the paper E F, the image b r will be an ac- 
curate picture of the object R B, provided the aperturo A is 
very snudl. But if we increase the aperture, the image will 
beoome less distinct ; and it will be nearly obliterated when 
^ aperture is large. The reason of tins is, that, with a 
lar^ aperture, two adjacent points of the object will throw 
their light on the same point of the paper, and thus create 
confusion in the image. 

It is obvious ^om Jig, 13., that the size of the image b r will 
increase with the distance of the jwtper E P behind the hole 
A. If A ^ is equal to A G, the image will be equal to the 
object; if Ag is less than A G, the image will be less than 
the object; and if A ^ is greater than A G, the image will 
be greater than the object 

As each point of an object throws out rays in all directions, 
it is manifest that those only which fall upon the small aper- 
ture at A concur in forming the image b r ; and as the num- 
ber of these rays is very small, the image b r must have very 
little light, and therofore cannot be us^ for any optical pur- 
poses. This evil is completely remedied in the formation of 
images by mirrors and lenses. 

(&.) Pormation of images by concave mirrors. Let A B, 
fig, 14., be a concave mirror whose centre is C, and let M N 
be an object placed at some distance bef<n:e it Of all the 

Fig. 14. 



ays emitted in every direction by the point M, the mirror re- 
ceives only those which lie between M A and M B, or a cone 
of rays MA B whose base is the spherical mirror, the section 
of which is A R If we draw the reflected rays A m, B m, 
for all the incident rays M A, M B, by the methods aheady 
described, we shall find that they will all meet at the point w. 
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and will thej^e paint th6 extremity M of the object In like 
manner, the cone oi ray^ NAB flowing fhim the other ex- 
tremity N of the object will be reflect^ to a focus at n, and 
will there paint that point of the object For the same reason, 
cones of rays flowing from intermediate points between M 
and N will be reflected to intermediate points in the image 
between m and n, and m n will be an exact inverted picture 
of the object M N. It will also be very bright, because a 
great number of rays concur in forming each point of the 
image. The distance of the ima^e from the mirror is found 
by 3ie same rule which we have given for finding the focus of 
diverging rays, the points M, m in fig, 14. corresponding with 
A ana P in^^. 8. 

If we measure the relative sizes of the object M N and its 
image m n, we shall find that in every case the size of the 
image is to the size of the object as the distance of the image 
from the mirror is to the distance of the object from it 

If the Concave mirror A B is large, and if the object M N 
is very bright, such as a plaster of Paris statue strongly illu- 
minated, the image m n will appear suspended in the air ; and 
a series of instructive experiments may be made by varying 
the distance of the object, and observing the variation in the 
size and place of the image. When 9ie object is placed at 
TO «, a magnified representation of it will be formed at M N. 
(25.) Formation of images by convex mirrors. In concave 
mirrors there is, in all cases, a real image of the object formed 
in front of the mirror, excepting when Sie object is placed be- 
tween the principal focus and the mirror, in which case it 
gives a virtual image formed behind it ; whereas in convex 
mirrors the image is always a virtual one formed behind the 
mirror. 

Let A Bjfig, 15., be a convex mirror whose centre is C, and 
Fig. 15. M N an object placed before it ; and let 

the eye of the observer be situated any- 
where in front of the mirror, as at E. 
Out of the great number of rays which 
are emitted in every direction from the 
points M, N of the object, and are sub- 
sequently reflected from the mirror, a 
few only can enter the eye at E. Those 
which do enter the eye, such as D E, 
F E and G E, H E, will be reflected 
from the portions D F, G H of the mir- 
ror so situated with respect to the eye 
and the points M, N that the angles of incidence and reflexion 
will be equal The ray M D will be reflected in a direction 
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DE, forming the SBme an^le that M D does with the perpen- 
dicular C N, and the ray N G in the direction G £. In like 
manner, F £, H E will be the reflected rays corresponding to 
the incident ones M F, N H. Now, if we continue backwards 
the rays D £, F E, they wDl meet at m ; and they will there- 
fiire appear to the eye to have come fh)m the point m as their 
focus. For the same reason the rays G E, H E will appear to 
come from the point n as their focus, and m n will be the vir- 
tual image of the object M N. It is called virtual because it 
is not formed by the actual union of rays in a focus, and cannot 
be received upon paper. If the eye E is placed in any other 
position before the mirror, and if rays are drawn from M and 
N, which afler reflexion enter the eye, it will be found that 
these rays continued backwards will have their virtual foci at 
m and n. Hence, in every position of the eye before the mir- 
ror, the image will be seen in the same spot mn. If we draw 
the lines CM, C N from the centre of the mirror, we shall 
find that the points m, n are always in these lines. Hence it 
is obvious that the image mnis always erect, and less than 
the object It will approach to the muror as the object M N 
approaches to it, and it will recede from it as M N recedes ; 
Mid when M N is infiniteljr distant, and the rays which it 
emits become parallel, the image m n wUl be half-way be- 
tween C and the mirror. In other positions of the object the 
distance of the image will be found by the rule already given 
fijr diverging rays railing upon convex mirrors. The size of 
the image is to the size of the object, as C m, the distance of 
the image from the centre of the mirror, is to C M, the dis- 
tance of the object In approaching the mirror, the image 
and object approach to equality ; and when they touch it, they 
are boui of the same size. Hence it follows that objects are 
always seen diminished in convex mirrors, unless* when they 
actually touch the mirror. 
(26.) Formation of images by plane mirrors. Let A B, 
Fig. 16. Jiff, 16., be a plane mirror or looking-glass, 

^^3n - M N an object situated before it, and E 
Hf^l^^'^ \\ f^ the place of the eye ; then, upon the very 
i\^ \\^ same priiyjiples which we have explained 
i \v 1/^Cn/ ^^ ^ convex mirror, it will be found that 
A j ^^^rW° ^^ image of M N will be formed at m n, 
j ^17^ the virtual foci w, n being determined by 
i J^ \ jl continuing back the reflected rays D E, 
]/ 1/ FE till they meet at m,andGE,HEtm 

wi^^^ 1^* they meet at ru If we join the points 

""^ '^ M, m and N, n, the lines M m, N n will 

C 



be peiptticlicuiu' to the miitca A B, and conaequently parallel ; 
and the iraa^ vill be&t the some distance, and have theauna 
padtkm behind the miirar that the object has before iL Hence 
we see the reason why the images cd* all objects eeeo in s 
lookiDg-glaaa have the eame fiain and diatance u the objects 
thenwelvee.* 



DIOPTRICS. 

(27.) Dtopnuos ia that branch of optica which treats of the 
pn^reas of tboae rays of light which enter tranaparent bodies 
and are tianamittad through their aubetance. 



(28.) When light paases through a drop of water or a piece 
of glass, it obviously suffers some change in its direction, be- 
cause it does not illuminate a piece of paper placed beliind 
these bodies in the same manner as it did before they were 
placed in its way. Thei^e bodies have therefore exercised 
IT produced some change upon the light, during 

■e of this change, let A B C D 
'V- !'■ be an empty vessel, iiaving a hole 

^ H in one of its sides B B, and let a 
lighted candle 8 be placed within a 
few feet of it, so that a ray of its 
light 8 H may fall upon the bottom 
C D of the vessel.and form a round 
it of light at a. The beam of 
light S H R a will be a straight 
line. Having marked the point a which the ray from S 
strikes, pour water into the vessel till it rises to the level E F, 
As soon as Che surface of the water has become smootii, it will 
be seen that the round spot which was formerly at a is now 
at b, and that the ray S H R 6 is bent at R; H R and R 6 
being two straight lines meeting at R, a point in the surface 
of the water. Hence it follows, that all objects seen under 
water are not seen in their true direction by a person whoso 
eye is not inunersed in the water. If a fish, tor example, ia 
lying at b,^g. 17., it will be seen by an eye at S in the direc- 
Ucn S 0, tiie direction of the refracted ray R S ; so that, ia 
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order to shoot it with a ball, we must direct the gun to a 
point nearer us than the point a. For the same reason, every 
point of an object under water appears in a place different 
from its true place ; and the difference between the real and 
apparent place of any point of an object increases with its 
depth beneath the surface, and with the obliquity of the ray 
RS by which it is seen. A straight stick, one half of which 
is immersed in water, will therefore appear crooked or bent 
into an angle at the point where it enters the water. A 
straight rod S R a, for emimple, will appear bent like S R 6 ; 
and a rod bent will, for a like reason, appear straight This 
effect must have been often observed in the case of an oar 
dipping into transparent water. 

If in place of water we use alcohol, oil, or glass, the sur- 
feces of all these bodies coinciding with the line EF, we shall 
find that they all have the power of bending the ray of light 
SR at the point R; the alcohol bending it more than the 
water, the oil more than the alcohol, and me glass more than 
tbe oiL In the case of glass, the ray would he bent into the 
direction R c. The power which thus bends or changes the 
direction of a ra.y of light is called refraction, — a name de- 
rived from a Latin word, signifying breaking hack, — ^because 
the ray S R a is broken at £, and £e water is said to refract, 
or break the ray, at R Hence we may conclude that if a 
ray of light, passing through air, falls in an oblique or slanting 
direction on the sur&ce of solid or fluid bodies that are trans- 
parent, it will be refracted towards a line,*M N, perpendicular 
to the sur&ce E F at the point R, where the ray enters it ; 
and that the quantity of this refraction, or the angle a R 6, 
varies with the nature of the body. The power by which 
bodies produce this effect is called their refractive power, and 
bodies that produce it in different degrees are said to have 
different refractive powers. 

Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be cemented on the bottom of it at 
0. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
through the hole H. If water be now poured into the vessel 
up to E F, the observer will no longer see the sixpence ; but 
if another sixpence is placed at a, and is moved towards h, it 
will become visible when it reaches b. Now, as the ray from 
the sixpence at b reaches the eye, it must come out of the 
water at a point, R, in the surface, found by drawing a straight 
line, S H R, through the eye and the hole H ; and conse- 
quently b R must be the direction of the ray, which makes 
the sixpence visible, before its refraction at R. But if tliis 



28 



A TREATISE ON OPTICS. 



PART I. 



ray had moved cmwards in a straight line, without being re- 
firacted at R, its path would have Men b h ; whereas, in con- 
sequence of the refraction, its path is R H. Hence it follows, 
that when a ray of light, passing through any dense medium, 
such as water, &c., in a direction oblique or slanting to its 
surface, quits the medium at any point, and enters a rarer 
medium, such as air, it is refracted from the line perpendicu- 
lar to the surface at the point where it quits it 

When the ray S H R from the candle falls, or is incident 
upon the surfiice E F of the water, and is refracted in the di- 
rection R b, towards the perpendicular M N, the angle M RH 
which it makes with the perpendicular, is called the angle of 
incidence ; and the angle N R 6, which the ray R b bent or 
refracted at R makes with the same perpendicular, is called 
the angle of refractum. The ray H R is called the incident 
ray, and R 6 the refracted ray. But when the light comes 
out of the water from the sixpence at 6, and is refracted at R 
in the direction R H, 6 R is the incident ray and R H the 
refracted ray. The angle N R 6 is the angle of incidence, 
and M R H the angle of refraction. 

Hence it follows, that when light passes out of a rarer into 
a denser medium, as from air to water, the angle of incidence 
is greater than the angle qf refraction; and when light 
passes oiU of a denser into a rarer medium, as out of water into 
air, the angle of incidence is less than the angle of refrac- 
tion: and these angles are so related to one ano&er, that 
when the ray which was refracted in the one case becomes 
the incident ray, what was formerly the incident ray becomes 
the refracted ray. 
(29.) In order to discover the law, or rule, according to 

which the rays of light enter or quit 
water, or other refracting media, so 
that we may be able to determine the 
refracted ray when we know the di- 
rection of the incident ray, describe a 
circle M N upon a square board 
A B C D, Jig. 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, E F perpendicular to 
one another, and also to the sides, A B, 
A C of the piece of wood. Let a 
small tube, H R, be so made that it 
may be attached to the board along 
any radius H R, H' R, or, what would 
be still better, that it may move 
freely round R as a centre. Let the board with its pedestal be 
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placed in a pool or tub of water, or in a glass vessel of water, so 
that the sumce of the water may coincide with the line E F 
without touching the end R of the tube H R. When the tube 
is in the position M R, perpendicular to the surface E F of the 
water, admit a ray of light down the tube, and it will be seen 
that, it enters the water at R, and passes straight on to N, 
without suffering any change in its direction. Hence it fid- 
lows, that a ray of light incident perpendicularly ona re^ 
fracting surface experiences no refraction or change in its 
direction. If we now place a sixpence at N, we shall see 
it through the tube M R; so that the rays irom the sixpence 
quit the water at R, and proceed in the same straight line 
N R M. Hence a ray of light quitting a refracting surface 
perpendicidarly undergoes no refraction or change of direc- 
tion. If we now bring the tube into the position H R, and 
make a ray of light pass along it, the ray will be refracted at 
R in some direction R b, the angle of refraction N R 6 being 
less than the angle of incidence M R H. If we now with a 
pair of compasses, take the shortest distance 6 n of the point 
b from the perpendicular M N, and make a scale of equal 
parts, of which 6 n is one part, tlie scale being divided into 
tenths and hundredths, and if we set the distance H m upon 
this scale, we shall find it to be 1*336 of these parts, or H 
warly. If this experiment is repeated at any other position, 
H'R, of the tube where Kb' is the refracted ray, we shall 
find that on a new scale, in which 6' n' is one part, H' m' will 
also be 1*336 parts. But the lines H m, H' m' are called the 
tines of the angles of incidence H R M, H' R M, and b n, 
b'n' the sines of the angles of refraction bR N,b'RN, 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine of the angle of refraction as 1*336 to 1, 
whatever be the position of the ray with respect to the sur&ce 
E P of the water. This truth is called by optical writers the 
constant ratio of the sines. By placing a sixpence at 6, we 
shall find that it will be seen through me tube when it has 
the position H R ; and placing it at &', it will be seen through 
it in the position H' R. Hence, when light quits the surface 
of water, the sine of its angle of incidence 6 R N will be to 
the sine of its angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines 6 n, H m ; and since these 
are also the measures of b' n' H' m' upon another scale, in 
which b^ n' is unity, we may conclude that, when light 
emerges from water into air, the sines of the angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336. 

If we make the same experiment with other bodies, we 
shall obtain different de^ees of refraction at the same angles; 
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Init in ever^ case the sines of the angles of incidence and 
refraction will be found to have a constant ratio to each other. 

The number 1'336, which expresses this ratio for toater, is 
callied the index of refraction for water, and sometimes its 
refractive power, 

(30.) As philosophers have determined the index of refrac- 
tion for a great variety of bodies, we are able, from those de- 
terminations, to ascertain the direction of any ray when Pfr- 
fracted at any angle of incidence from the surface of a given 
body, either in entering or quitting it Thus, in the case of 
water, let it be required to find the direction of a ray, H ^fiff, 
18., after it is refracted at the surface E F of water : draw R M 
perpendicular to E F at the point R, where the ray H R enters 
the water, and from H draw H m perpendicular to M R. 
Take H m in the compasses, and make a scale in which this 
distance occupies 1-336 parts, or IJ nearly. Then, taking 1 
on the same scale, place one foot of the compasses in me 
quadrant N F, and move that foot towards or from N till the 
other foot falls upon some one point n in the perpendicular 
R N, and in no other point of it. Let 6 be the point on which 
the first foot of the compasses is placed when flie second falls 
upon 71, then the line R h passing through this point will be 
the refiracted ray corresponding to the incident ray H R. 

(31.) Table L (Appendix) contains the index of refraction 
for some of the substances most interesting in optics. 

(32.) As the bodies contained in these tables have all dif- 
ferent densities, the indices of refraction annexed to their 
names cannot be considered as showing the relation of their 
absolute refractive powers, or the refractive powers of their 
ultimate particles. The small refractive index of hydrogen, 
for example, arises firom its particles being at so great a distance 
from one another ; and, if we take its specific gravity into 
account, we shall find that, instead of having a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their absolute action upon light 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles of bodies are equally heavy, and that the 
law of the forces which different media exert is of the same 
form in all, that the absolute refractive power is equal to the 
excess of the square of the index of refraction above unity, 
divided by the specific gravity of the body. 

In this way Table IL (Appendix) has been calculated. 

Mr. Herschel has justly remarked, that if, according to the 
doctrines of modern chemistry, material bodies consist of a 
finite number of atoms, differmg in their actual weight for 
every differently compounded substance, the intrinsic refrac- 
tive power of the atoms of any given medium will be the 
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pradnct arian^ fiom multiplying the number for the mediooi, 
in Table IL by the weight of its atom. 

^.) In examining TMe 11., it appears that the substances 
which contain fluoric acid have the least absolute refractive 
power, while all inflammable bodies have the greatest The 
high absolute refractive power of oil of cassia, which is placed 
arove all other fluids, and even above diamond, indicates the 
freat inflammability of its ingredients.f 



CHAP. IV.* 

BEFRACnON THROUGH PRISMS AND LENSES. 

(34). By means of the law of refraction explained in the 
preceding pages, we are enabled to trace a ray of light in its 
passage urough an^ medium or body of any figure, or through 
any number o? bodies, provided we can always find the indi- 
nation of the incident ray to that small portion of the sur&ce 
where the ray either enters or quits the body. 

The bodies generally used in optical experiments, and in 
the cmistruction of optical instruments, where tiie efi^t is 
produced by refiraction, are prisms, plane glasses, spheres, 
and lenses, a section of each of which is shown In the an- 
nexed figure. 



-V 



L The most common optical prism, shown at A, is a solid 
having two plane sur&ces A R, A S, which are called its r«- 
fraeting swrfaces. The &ce RS, equally inclined toAR 
and A S, is (^ed the hose of the prism. 

2. A plane glass, diown at B, is a plate of glass with two 
plane sur&ces, ab, cd, parallel to each other. 

3. A spherical lens, ehown at C, is a sphere, all the points 
in its surface being equally distant from the centre O. 

4. A double convex lens, shown at D, is a solid fermed by 
i»o convex spherical surfaces, having their centres on oppo- 
site sides of the lens. When the radii of its two sur&ces are 
equal, it is said to be equally convex ; and when the radii are 
unequal, it is said to be an unequally convex lens. 

* For the subjects treated in this and in the preceding chapter, see (in the 
ddlflfe edition) the Appendix of Am. ed. chap. iii. 
t See Note No. I. at the close of author's Appendix. 
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5. A pUmo-eonvex lenSf shown at £, is a lens faavmg one 
of its surfaces convex and the other plane, 

6. A double coTicave lens, shown at F, is a solid bounded by 
two concave spherical sur&ces, and may be either equally or 
unequally concave. 

7. A plano-concave lens, represented at G, is a lens one of 
whose sur&ces is concave and the other plane, 

8. A meniscus, shown at H, is a lens one of whose sur&ces 
is convex and the other concave, and in which the two sur&ces 
meet if continued. As the convexity exceeds the concavity, 
it may be regarded as a convex lens. 

9. A concavo<onvex lens, shown at I, is a lens one of whose 
iur&ces is concave and the other convex, and in which the 
two surfaces will not meet though continued. As the con- 
cavity exceeds the convexity, it may be regarded as a concave 
lens. 

In all these lenses a line, M N, passing through the centres 
of their curved surfaces, and perpendicukr to their plane sur- 
faces, is called the axis. The figures represent only the sec- 
tions of tlie lenses, as if they were cut by a plane passing 
through their axis ; but the reader will understand that the 
convex surface of a lens is like the outside of a watch-glass, 
and the concave surface like the inside of a watch-glass. 

In showing the progress of light through such lenses, and 
in explaining their properties, we shall still use the sections 
shown in the above fi^re ; for since every section of the same 
lens passing tlirough its axis has exactly the same form, what 
is true of the rays passing through one section must be true 
of the rays passmg through every section, and consequently 
through uie whole surface. 

(35.) Refraction of light through prisms. As prisms are 
Introduced into several optical instruments, and are essential 
parts of the apparatus used for decomposing light and exam- 
ining the properties of its component parts, it is necessary 
that the reader should be able to trace the process of light 
through their two refracting surfaces. Let A B C be a prism of 

plate glass whose index of refraction 
IS 1*5(]&, and let H R be a ray of li^ht 
fidling obliquely upon its first surrace 
A B at the point R. Round R as a 
centre, and with any radius H R, de- 
scribe the circle H M 6. Through R 
draw M R N perpendicular to A B, 
and H m perpendicular to M R. The 
anffle H R M will be the angle of in- 
cidence of the ray H R, and H m its sine, which in the present 
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cade is 1*500. Then having made a scale in which the dich 
tance H m is 1*500, or 1^ parts, take 1 part or unity from the 
same scale, and having set one foot of the compasses on the 
circle somewhere about b, move it to different points of the 
circle till the other foot strikes only one point n of the line 
R N; the point b thus found will be that through which the 
refracted ray passes, R b will be the refracted rav, and nRb 
the angle of refraction, because the sine 6 n of this angle has 
been made such that its ratio to H m, the sine of the angle of 
incidence, is as 1 to 1-500. The ray R b thus refracted will 
go on in a straight line till it meets the second surface of the 
prism at R', where it will again sufler refraction in the direc- 
tioQ R' b*. In order to determine this direction, make R' H' 
equal to R H, and, wilii this distance as radius, describe the 
circle H*b\ Draw R'N perpendicular to AC, and H'm' 
perpendicular to R' N, and form a scale oa which H' m' abaJl 
be 1 part, or 1*000, and divide it into tenths and hundredths. 
From this scale take in the compasses the index of refrtustion 
1*500|, or 1^ of these parts ; and having set one foot some- 
where in the line R' n', move it to different parts of it tDl the 
other foot &lis upon some pert of the circle about b\ takihg 
care that the point 6' is such, that when one foot of the com- 
passes is placed there, the other foot will touch the line R' n\ 
continued, only in one place. Join R' 6'. Then, since H' R' m' 
is the angle of incidence on the second surface A C, and H'm' 
its sine, and since n* b', the sine of the angle b' R' n', has been 
made to have to H'm' the ratb of 1*500 to 1, b*R*n' will be 
the angle of refraction, and R' V the refracted rav. 

If we suppose the original ray H R to proceed from t can- 
dle, and if we place our eye at b* behind the prism so as to 
receive the refracted ray b* Rf, it will appear as if it came 
in the direction D R' 6', and the candle will be seen in that di- 
rection; the angle H E D representing its angular change of 
direction, or the angle of demotion^ as it is csdled. 

In the construction of Jig. 20., the ray H R has been made 
to fidl upon the prism at such an angle that the refracted ray 
R R' is equaUy inclined to the faces A B, A C, or is parallel to 
the base B C of the prism *, and it will be found that the angle 
of incidence on the face of the prism, H R B is equal to 3ie 
angle of emergence b'R*C, Under these circumstances we 
flhui find, by making the angle H R B either greater or less 
than it is in the figure, that the ansle of deviation H E D is 
less than at any oSier angle of incidence. If we, therefore, 
place the eye behind the {»rism at b% and turn the prism 
round in the plane B A C, sometimes bringing A towards the 
eye and sometimes pushing it fixim it, we shall easily discover 
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the position where the image of tlie candle seen in the direc- 
tion h' D has the least deviation. When this position is found, 
the angles H R B and h* R' C are equal, and R R' is parallel 
to B C, and perpendicular to A F, a line bisecting the refract- 
ing angle B A C of the prism. Hence it may be shown by 
the similarity of triangles, or proved by projection, that the 
angle of refraction 6 R n at tiie first surmce is equal to B A F, 
ha& the refracting angle c^ the prism. But since B A F is 
known, the angle of refraction 6 R n is also known; and the 
angle of incidence HR M being found by the preceding methods, 
we may determine the index of refiuction for any prism by the 
following analogy. As the sine of the angle of refraction is to 
the sine of the angle of incidence, so is unity to the index of 
refraction ; or the index of refraction is equal to the sine of 
the angle of incidence divided by the sine of the angle of re- 
fraction. 

(36.) By this method, which is very simple in practice, v;e 
may readily measure the refractive powers of all bodiea If 
the body be solid, it must be shaped into a prism ; and if it is 
soft or fluid, it must be placed in the angle B A G of a hoUow 
j^. 31. prism ABC, fig, 2L, made by cement- 

ing together three pieces of pkte glass, 
A 6, A C, B C. A very simple hollow 
prism for this purpose may be made by 
fastening together at any angle two 
pieces of plate glass, A B, A C, with a 
bit of wax, F. A drop of the fluid may then be placed in the 
angle at A, where it will be retained by the force of capillary 
attraction. 

When light is incident upon the second surface of a prism, 
it may fall so obliquely that the surface is incapable of refract- 
ing it, and therefore the incident light is totally reflected from 
the second surface. As this is a curious property of light, we 
must explain it at some length. 

On the total Refieocion of Light, 

(37.) We have already stated, that when light falls upon 
the first or second surfaces of transparent bodies, a certain 
portion of it is reflected, and another and much greater portion 
transmitted. The light is in this case said to he partially re- 
fleeted. When the light, however, falls very obliquely upon 
the second surface of a transparent body, it is wholly reflected, 
and not a single ray suffers refraction, or is transmitted by the 
surfiice. Let A B C be a prism of fflass, whose index of re- 
fraction is 1-500: let a ray of light G K,fig. 22., be refhu;ted 
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at K by the first sur&ce A B, so 
"^r- as to fell on the point R of the 

second surface very obliquely, 
and in the direction K R. Upon 
R as a centre, and with any ra- 
dius, RH, describe the circle H 
M E N F ; then, in order to find 
the refracted ray corresponding 
to H R, make a scale on which 
H 771 is equal to 1, and take in 
the oompaases 1*500 or 1^ firom that scale, and setting one 
fint in the quadrant E N, try to find some point in it, so that 
the other foot may fall only in one point of the radius R N. It 
will soon be seen that there is no such point, and that 1*500 is 
greater even than E R, the sine of an angle E R N of 90°. If 
the distance 1*500 in the compasses had been less than E R, 
the ray would have been refracted at R ; but as there is no 
ang^e of refraction whose sine is 1'500, the ray does not 
emerge ftota the prism, but suffers total reflexion at R in the 
directioo R S, so that the angle of reflexion M R S is equal to 
the angle of incidence M R H. If we construct ^^. 22. so as 
to make the incident ray H R take different positions between 
M R and F R, we shall find that the refracted ray will take 
diflferent positions between RN and RE. There will be 
some position of the incident ray about H R, where the re- 
fiacted ray will just coincide with R E ; and that will happen 
when the quantity 1*500, taken from the scale on which H m 
IB equal to 1, is exactly equal to R E, or radius. At all posi- 
tions of the incident ray between this line and F R, refraction 
inll be impossible, and the ray incident at R will be totally 
leflected. It will also be found that the sine of the angle of 
mcidence at R, at which the light begins to be totally reflect- 
ed, is equal to j.m^ or -OGO, or |, which is the sine of 41° 48', 
the angle of total reflexion for plate glass. 

The passage from partial to total reflexion may be finely 
seen, by exposing one side, A C, of a prism A B O^fis. 20., to 
the light of the sky, or at night to the light reflected from a 
large sheet of white paper. When the eye is placed behind 
the other side, A B, of the prism, and looks at the image of 
the sky, or the paper, as reflected from the base, B C, of the 
prism, it will see when the angle of incidence upon B C is 
uem than 41° 48', the faint light produced by partial reflexion ; 
\kX by turning the prism round, so as to render the incidence 
emdually more oblique, it will see the feint light pass sud- 
oenly into a bright light, and separated from the faint light by 
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a colored fringe, wbidi marks the boundary of the two reflex 
ions at an angle of 41^ 48'. But, at all angles of incideDce 
alwve this, the light will suffer total reflexion. 



Refraction of Light through Plane Glasses. 
(88.) Let M N,^g'. 23., be the section of a plane gksB with 



1^^.23. 




parallel faces ; and let a my of light, 
A B, fall upon the firist smroce at B, 
and be refhicted into the direction 
B C : it will again be refracted at its 
emergence from the second sur&ce 
at C, in a direction, C B, parallel to 
A B ; and to an eye at B it will ap- 
pear to have proceeded in a direction 
a C, which will be found by continu- 
ing^ B C backwards. It will thus appear to come from a pj^t 
a below K, the point from which it was really emitted. This 
may be proved by projecting the figure by the method already 
described ; though it will be obvious also from the considera- 
tion, that if we suppose the refracted ray to become the inci- 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted ray B C, falling at equal 
angles upon the two surfaces of the plane glass, will simer 
equal refractions at B and C, if we suppose it to move in op- 
posite directions ; and consequently the angles which the re- 
fracted rays B A, C B form with the two refracting surfaces 
will be equal, and the rays parallel. 

If we suppose another ray. A' B', parallel to A B, to fall 
upon the pomt B', it will sufier the same refraction at B' and 
C', and will emerge in the direction C B', parallel to C B, as 
if it came from a point a'. Hence parallel rays falling upon 
a plane glass wtU retain their parallelism after passing 
through it, 
(39). If rays diverging from any point, A,^^. 24., such aa 
f^'^ A B, A B', are incident upon a 

plane glass, M N, they will bo 
refracted into the directions BC, 
B'C by the first surface, and 
C B, C B' by the second. By 
continuing C B, C B' backwaida^ 
they will be found to meet at a, 
a pomt farther from the ghsf 
than A. Hence, if we suppose 
the surfaee BB' to be that of standing water, i^aced hoiiaoo- 




M) 
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liUj, an eye witliin it would see the point A remcnred to a, 
the divergeiicy of the rays B C, F C having heen diminished 
bf refraction at the euil&ce B B'. But when the rays B C, 
WC suffer a second refraction, as in the case of a plane glass, 
we shall find, by continuing D C, D' C backwards, that they 
will meet at 6, and the object at A will seem to be brought 
nearer to the glass ; the rays G D, C D\ by which it is seen, 
having been rendered more divergent by the two refractions. 
A plane glass, therefore, diminishes the distance of the diver- 
gent point of diverging rays. 

If we suppose D C, D' C to be rays conver^ng to bf they 
will be made to converge to A by Uie refraction of the two 
Borfiices; and consequently a plane glass causes to recede 
from it the conve^ent point of converging rays. 

If the two surmces B B', C C are equally curved, the one 
being convex and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane glass, if the convex and concave sides are so re- 
lated Inat the rays B A, C D are incident at equal angles on 
each sur&ce : but this is not the case when the sur&ces have 
the same centre, unless when the radiant point A is in their 
common centre. For these reasons, glasses with parallel sur- 
&ce8 are used in windows and for watch-elasses, as they pro- 
dace very little change upon the form and position of objects 
seen through them. 



RtfracUon of Light through Curved Surfaces, 

(40). When we consider the inconceivable minuteness of 
the particles of light, and that a single ray consists of a sue- 
cession of those particles, it is obvious that the small part oif 
any curved snr&ce on which it falls, and which is concerned 
in refractinff it, may be regarded as a plane. The sur&ce of 
t lake, perfectly still, is known to be a curved suriace of the 
sune radios as that of the earth, or about 4000 miles ; but a 
square yard of it, in which it is impossible to discover any 
corvature, is larger in proportion to the radius of the earth 
than the small space on the sur&ce of a lens occupied by a ray 
of light is in relation to the radius of that surface. Now, 
mathematicians have demonstrated that a line touching a curve 
at any point may be safely regarded as coinciding with an in- 
ftutdy small part of the curve ; so that when a ray of light, 
A 1^^.25.9 rails upon a curved refractmg sur&ce at B^ its 
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Wig. 35. angle of incidence most be conud^ved 

as A B D, the angle which the ny 
A B ferms with a line D C, perpendic)' 
ular to a line M N, which toaches, or 
is a tangent to, the curved surface at 
R In all spherical surfiices^ such as 
those of lenses, the tangent M N it 
perpendicular to the radius C B of the 
sur&ce. Hence, in ^erical sar&ces 
the consideration of the tangent M N is unnecessary ; because 
the radius C D, drawn through the point of incidence B^ is 
the perpendicular from which die angle of incidence is to be 
reckoned. 

Refraction of Light through Spheres. 

(41.) Let MN be the section of a sphere at gisBB whose 
centre is C, and whose index of refraction is 1*5W) ; and let 
parallel rays, jlf^. 26., H B, H' R', &11 upon it at equal dj»- 



tances on each side of the axis G C F. If the ray H R is in- 
cident at R, describe the circle H D 6 round R ; through C and 
R draw the line CRD, which will be perpendicular to the 
sur&ce at R, and draw H m perpendicular to R D. Draw the 
ray Rbr through a point b found by the method already ex- 
plained, and so that the sine 6 n of the angle of refraction 
6 R C may be 1 on the same scale on which H in is 1*500, or 
Ijt ; dien R b will be the ray as refracted by the first sur&ce 
of the sphere. In like manner draw R' r' for the refracted 
ray corresponding to H' R'. 

If w^ continue the rays R r, R' r\ they will meet the axis 
at E, which will be the focus of parallel rays for a single con- 
vex sur&ce RPR'; and the focal distance FE may be found 
by the following rule. * 

RvLE for finding the principal focus of a single oomseat 
surface. Divide the index of refraction hf its excess above 
unity, and the quotient will be the principal focal distance, 
P E ; the radius of the surface, or C R, being 1. If C R is 
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given in inches, then we have to multiply the result by that 
nanber of niches. When the sur&ee is that of gla^ of which 
the index of refiractiim is 1*5, then the fixad distance, P £^ wiU 
aiways be equal to thrice the radius, C R. 

Bound r as a centre, with a radius equal to R H, describe 
the circle Tyb'k^ and, by the method formerly explained, find 
a point b' in the circle, such that b* n\ the sme of the an^le 
<]f refraction ft' r m', is 1*500 or 1^ on the same scale on which 
hm\ the sine of the angle of incidence, is 1 part, and rb'¥ 
will be the ray refiracted at the second sur&ce. Li the same 
manner we shall find r' F to be the refracted ray eorre^wnd- 
img to the incident ray R' r'^ F being the point where r b' cuts 
tbe axis 6 £. Hence the point F will be ihefocu» q^ pardL- 
Id rays &r the sfdiere of glass M N. 

If diverging rays &il npcMi the points R, R^, it is quite 
dear, from the inspection of the figure, that their focus will 
be on «ome point of the axis G F more remote from the sBj^aeste 
than F, the distance of their focus increasing as the radiant 
point from which they diverge approaches to the sphere. 
When the radiant point is as fs^ beK)re the sphere ae F is be- 
hind it, Ihen the rays will be refracted into parallel directions, 
aad tlie fiicus will be infinitely distant Thns, if we suppose 
the rays F r, F r' to diverfi^e from F, then they will emerge 
after refiraetion in the para!&d directions R H, K' H « 

If eouverging rays fall up(« the points R R', it is equally 
manifest that their fix^us wul be at some point of the axii^ 
G F, nearer the sphere than its {Hincipal fi>c.u8 F ; and their 
eenvergency may be so great that their focus wiU fall within 
the spl^re. All these truths may be rendered more obvious^ 
and would be more de^ly impressed upon the mind, by tracing 
lays of different degrees of divergency and convergencv 
through the sphere, by die methods iSready so fully ezplainedL 

(42.) In oraer to form an idea of the efiect of a sphere 
made of substances of different refractive powers, in bringing 
parallel rays to a fixsus, let us suppose the sphere to have a 
ndius of one inch, and let the focus F be determined as in^^. 
26^ when the substances are, 
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Hence we find that in tabasheer the distance F Q is 4 inches; 
in water, 1 inch ; in glass, half an inch ; and in zircon, nothing ; 
that is^ r and F coincide with Q, after a single refracticxi at U. 
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When the index of refraction is greater than 2*000, as m 
diamond and several other substances, the ray of light Rr 
will cross the axis at a point somewhere between C and Q. 
Under certain circumstances the ray R r will sufifer total re^ 
flexion at r, towards another part of the sphere, where it will 
again suffer total reflexion, being carried round the circuni" 
fereuce of the sphere, without the power of maiung its escape, 
till the ray is lost by absorption. Now, as this is true of every 
posffible section of the sphere, ev&ry such ray, R r, incident 
upon it in a circle equidistant from the axis, G F, will fsaSEsr 
smiilar reflexions. 

Rule for finding the focus F of a sphere. The distance 
of the focus, F, from the centre, C, oi any sj^re may be thus 
found. Divide the index of refraction by twice its excess 
above 1, and the quotient is the distance, C F, in cadii of the 
sf^ere. If the radius of the sphere is 1 inch, and its refrao* 
tive power 1*500, we shall have C F equal to 1^ inches, and 
Q F equal to half an inch. 

Refraction of Light through Convex and Concave SurfaceSm 

(4d.) The method of tracing the progress of a lay whidi 
enters a convex sur&ce, is shown in^. 26. for the ray H R, 
and of tracm^ one entering a concave sur^ce of a rare me- 
dium, or quitting a convex surface of a dense one, is shown 
ibr the ray R r, in the same figure. 

When the ray enters the concave sur&ce of a dense me- 
dium, or (flits a similar surface, and enters the convex surface 
of a rare medium, the method of tracmg its progress is shown 
IB Jig. 27., where M N is a dense medium (suppose glass) 




with two concave surfaces, or a thick concave lens. Let C, C 
be the centres of the two surfaces lying in the axis C C, and 
H R, H' R' parallel rays incident on the first surface. As C R 
is perpendicular to the sur&ce at R, H R C will be the anffle 
of Incidence; and if a circle is described with a ndius- 
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R &, & m will be the sine of that angle. Fn»n a scale on 
which A m is 1*500, take in the compasses 1, and find some 
pnt, 6, in the circle where, when one foot of the compasses 
K {daced, the other will fidl only on one point, n, of the per- 
WDdicalar C R: the line R b orawn thrwigh this point will 
be the refiracted ray. By continuing this ray b R backwards, 
it will be fi>und that it meets the axis at F. Li like manner 
it wiU be seen that the ray H' R' will be refiracted in the di- 
rection E' r', as if it also diverged fix)m F. Hence F will be 
the virtual focifs of parallel rays refi'acted by a single concave 
sarfibce, and may be feund by the following rula 

RuiiB farJiTMing' the principal focus of a single concave 
smftace. Divide ue index of reflation by its excess above 
unity, and the quotient will be the principal focal distance 
FE, the radius of the surfiice, or CE, being 1. If the radius 
C E is given in uiehes, we have only to multiply £ F, thus 
obtained by that Busiber of inches, to have the value of F E 
ininches. ^ 

li^ by a similar method, we find the refiracted ray r dat the 
emergence of the ray r b from the second surfiice r r' of the 
lens^ and eontinue it backwards, it will be found to meet the 
axis at y ; 80 that the divergent rays R r, R' r' are rendered 
stiU more divergent by the second sur&ce, and/ will be the 
fbcoB of the lens M N. 

RefracHon of Light through Convex Lenses, 

(44). ParaUei rays, Rays of light fiJling upon a convex 
leaoB parallel to its axis are refiracted in precisely the same 
Quumer as those which fidl upon a sphere ; and the refracted 
ny may be found by the very same methods. But as a sphere 
his an axis in every possible direction, every incident ray 
must be parallel to an axis of it; whereas, in a lens which 
has only <me axis, many of the incident rays must be oblique 
to that axis. Jn every case, whether of spheres or lenses, all 
the rays that pass along the axis sufiTer no refiraction, because 
the axis is always perpendicular to the refiracting surface. 

When parallel rays, R L, R C, R L, fg, 28., fall upon a 
double convex lens, L L, parallel to its axis R F, the ray R C 
which coincides with the axis will pass throu^^h without suf- 
fering any refiraction, but the other rays, R L, R L, will be 
r^racted at each of the surfaces of the lens ; and the refract- 
ed rays corresponding to them, viz. L F, L F, will be found, 
by the method already given, to meet at some point, F, in the 

da 

When the rays are oblique to the axis, as S L, S L, T L, 

D2 
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T L, the rays S C, T G, whieh peas througfa the centre, C, of 
the lens, will suffer refraction at each surrace; but as the two 
refractions are equal, and in opposite directions, the finally re- 
fiwcted rays C/, Cf will be parallel to S C, T C. Hence, in 
considering oblique rajrs, such as S L, T L, we niay regiird 
lines y^ T/' passing through the centre, C, of the lens as the 
directions of the refrScted rays corresponding to S C, T C. By 
the methods already explained, it will be found that S L, S L wiU 
be refracted to a common point, y! in the direction of the cen- 
tral ray S/ and T L, T L, to the pomt/*. The focal distance 
F C, or /*C, may be found numerically by tte following mle, 
when the thickness of the lens is so small that it may be 
neglected. 

R.VIJ& for finding the principal focus, or the focus ofparalf 
lei rays, for a glass lens uneqtudly convex. Multiply the 
radius of the one sur&ce by the radius of the other, and divide 
twice this product by the sum of the same radlL 

When the lens is of glass and equally convex, the focal dii^ 
tance will be equal to the radius. 

Rule for the principal focus of a plano-convex lens of 
glass. With either siae of the lens turned to parallel rays, 
the distance of the focus, when the lens is thin, will be equal 
to twice the radius of the convex surface. 

(45.) Diverging rays. When diverging rays, R L, R I^ 
fig. 29., radiating from the point R, fall upon the double con- 
vex lens L L, whose principal focus is at O and O', their focus 
will be at some point F more remote than O. If R approaches 
to L L» the focus F will recede from L L. When K comos 
to P, so that P C is equal to twice the principal focal distnoce 
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C O, the fbcna F will be at P' as fiur behind the lens as the 
ndiant point P is before it. When R comes to O', the focus 
F will be infinitely distant, or the rays L F, L F will be par- 
allel ; and when ft is between O' and C, the refi'acted rays 
will divei^ and have a virtual focus before the lena The 
focus F oTa glass lens, when the thickness is small, will be 
foond by the rollowinfi^ rule. 

"Rmx for finding the focus of a convex lens for diverging 
rmf$. Multiply twice the product of the radii 6t the two sur- 
ftces of the lens by the distance, R G, of the radiant point, 
for a dividend. Miiltiphr the sum of the two radii by the 
same distance R C, and from this product subtract twice the 
wodact of the radii, for a divisor. Divide the above dividend 
oy the divisor, and the quotient will be the focal distance, C F, 




the lens is equally convex, the rule will be thia Multi- 
jSty the distance ot the radiant point, or R C, by the radius of 
the surfaces, and divide that product by the difference between 
the same distance and tine radius, and the quotient will be the 
focal length, C F, required* 

When the lens is pianchconvex, divide twice the product of 
the distance of the radiant point multiplied by the radius by 
the difference between that distance and twice the radius, and 
the quotient will be the distance of the focus firom the centre 
cf tbelens. 

(46l) For converging rays. When rays, R L, R L, oon- 
TCiging to a point f Jig, 90., foil upon a convex lens L I^ they 

I 
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will be so refiracted as to converge to a point or focus F nearer 
the lens than its principal focus O. As the point of con- 
vergence/ recedes from the lens, the point F will also recede 
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from it towards O, which it just reaches when the pointy be- 
comes infinitely distant When / approaches the lens, F 
also approaches it The focus F of a glass lens may be 
found when the thickness is small, by the fi^owing rule : — 

RvLE fir finding theficus of converging rays. Multijdy 
twice the product of the radii of the two sur&ces of the lens 
by the distance /C of the point of convergence, for a divi- 
dend. Multiply the sum of the two radii by the same dis- 
tance /C, and to this product add twice the product of the 
radii, for a divisor. Divide the above dividend by the divisor, 
and the quotient will be the focal distance C F required. 

If the lens is equally convex, multiply the distance /C by 
the radius of the sur&ce, and divide that product by the sum 
of the same distance and the radius, and the quotient will be 
the focal length F C required. 

When the lens is plano-convex^ divide twice the product 
of the distance /C multiplied by the radius by the sum of 
that distance and twice the radius, and the quotient Will be 
the focal distance F C required. 

Refraction of Light through Concave Lenses, 
(47.) Parallel rays. Let L L be a double concave l^u, and 

g.31. 
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R L, R L parallel rays incident upon it; these rays wiU di- 
ver^ after refraction in the directions L r, L r, as if they 
radiated from a point F, which is the virtual &cus of the lena 
The rule for finding F C is the same as for a convex lens. 
(48.) Diverging rays. When the lens L L receives the 
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nyi R I^ E L diverging from R, they will be refiracted into 
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lines, L r, L r, di^rging from a focas F, more remote firom 
the lens than the principal focus O, and the focal distance, 
F C, will be found by the following rule : — 

Rule for finding the focus of a concave lens of glass, for 
diverging rays. Multiply twice the product of the radii by 
the distance, R C, of the radiant point for a dividend. Mul- 
tiply the sum of the radii by the distance R C, and add to this 
twice the product of the radii, for a divisor. Divide the divi- 
dend by the divisor, and the quotient will be the focal distance. 

If the lens is equally concave, the rule will be this. Mul- 
tiply the distance of the radiant point bj the radius, and divide 
the product by the sum of the same distance and the radios^ 
and the quotient will be the focal distance. 

When the lens is plano-concave, multiply twice the radius 
by the distance of the radiant point, and divide this product 
by the sum of the same distance and twice the radius; the 
quotient will be the focal distance. 

(49). Ckmverging rays. When rays, R L, R L, fig, dS., 



Fig. 20. 




eonverginjBf to a point f fidl upon a concave lens, L L, they 
will be re&acted so as to have their virtual focus at F, and the 
distance F C will be found by the rule given for convex lenses. 
The rule for finding the focus of converging rays is exactly 
the same as that for diverging rays in a double convex lens. 

When the lens is plano-concave, the rule for finding the 
focus of conversing rays is the same as for diverging rays on 
a plano-convex Tens. 



Refraction of Light through Meniscuses and Concavo-oon" 

vex Lenses of Glass. 

(50.) The general efiect of a meniscus in refracting parjd- 
lel, diverging, and converging rays, is the same as that of a 
convex lens of the same focal length ; and the general efiect 
of a concavo-convex lens is the same as that of a concave lens 
of the same focal length. 

Rule ./or a meniscus with parallel rays. Divide twice the 
product of the two radii by their difference, and the quotient 
will be the focal distance required. 
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"RvJJifor a mfiniscus toith diverging ray$. Mxiltiply twice 
the distance of the radiant point o^ the product pf the two 
radii for a dividend. Multiply the difference between the two 
radii by the same distance or the radiant point, and Cmm this 
product take twice the product of the radii for a divisor. Divide 
the above dividend by this divisor, and the quotient will be the 
&cal distance required. 

The truth of the preceding rules and observations is car 
pable of being demonstrated mathematically ; but the reader 
who has not studied mathematics may obtain an ocular demon- 
stration of them, by projecting the' rays and lenses in large 
diagrams, and determinmg the course of the rays afler refrac- 
tion by the methods already described. We would recommend 
to him also to submit the rules and observations to the test of 
direct experiment with the lenses themselves. 



CHAP. V. 

ON THE FORMATION OF IMAOE8 BY LENSES, AND ON THEIR 

MAGNIFYING POWER.* 

(51.) We have already described, in Chapter EL, the prin- 
cijue of the formation of images by small ^>ertareS| and by 
the convergency of rays to foci by reflexion from mirrors. 
Images are formed, by refraction, by lenses in the very same 
manner as they are formed, by reflexion, in mirrars ; and it is 
a universal rule, that when an image is formed by a convex 
lens, it is inverted in position relatively to the position pf the 
object, and its magnitude is to that of the object as its distance 
£f^ the lens is to the distance of the object from the lens. 

If M N is an object placed before a convex lens, L l^fig* 
34, every point of it will send forth rays in every direction. 
Those rays which &11 upon the lens L L will be re&acted to 
foci behind the lens, and at such distances &om it as may be 
determined by the Rules in the last chapter. Since the &cus 
where any point of the object is represented in its image is in 
the straight line drawn from that point of the object Uuroagh 
the middle point C of the lens, the upper end M of the object 
will be represented somewhere in the line M C m, and the 
lower end N somewhere in the line N^Cn, that is, at the 
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See, in the College edition, Appendix of Am. ed. chap. iv. 
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Domts ffiy n, where the rays L9?i,Lin,Ln, Ln croes the lines 
M G m, N C n. Hence m will represent tiie wpper, and n the 
bwer end of the object M N. It is also evident, that in the 




two triangles MCN, mCn,mn, the length of the image 
most be to M N the length of the object as C m, the distance 
(^ the image, is to C M, the distance of the object from the 
lens. 

We are enabled, therefore, by a lens, to form an image of 
in object at any distance behind the lens we please, greater 
than its principal &cus, and to nAke this image as lu^ as 
we please, aM in any proportion to the object In order to 
have the image large, we must bring the object near the lens, 
and in order to have it small, we must remove the object fixxn 
the lens ; and these effects we can vary still farther, by using 
lenses of different focal lengths or distancea 

When the lenses have the same focus, we may increase the 
brightness of the image by increasing the size of the lens or 
the area of its sur&ce. if a lens has an area of 12 square 
inches, it will obviously intercept twice as many rays proceed- 
ing finxn every point dT the object as if its area were only 6 
aqoare inches ; so that, when it is out of our power to in- 
crease the brightness of the object by illuminating it, we may 
always increase the brightness of theipiage by using a larger 
IrasL 

(52.) Hitherto we have supposed the image m n to be re- 
ceived upon white paper, or stucco, or some smooth and white 
BQi&ce on which a picture of it is distinctly formed ; but if 
we receive it upon ground glass, or transparent paper, or upon 
a plate of glass one of wlK)se sides is covered with a dried 
Sua of skimmed milk, and if we place our eye 6 or 8 inches 
or more behind this semi-transparent ground interposed at m n, 
we shall see the inverted image m n as distincUy as before, 
if we keep the eye in this position, and remove the semi- 
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tnnsporent ^rround, we shall see an image in the air distinctly 
and more bright than befi>re. The cause of this will be readi^ 
understood, u we consider that all the rays which fimn by 
their convergence the points tti, n of the image m n, cross one 
another at m, n, and diverge from these points exactly in the 
same manner as they would do from a real object of the same 
size and brightness placed in m n. The image m n there&re 
of any object may be regarded as a new object; and by 
placing another lens behind it, another image of the image 
m n would be formed, exactly of the same size and in the 
same place as it would have been had m n been a real object 
But since the new image of m n must be inverted, tliis new 
image will now be an erect image of the object M N, obtained 
by me aid of two lenses; so that, by using one or more lenses, 
we can obtain direct or inverted images of any object at plea- 
sure. If the object M N is a movc3>le one, and within our 
reach, it is unnecessary to use two lenses to obtain an erect 
image of it : we have only to turn it upside down, and we 
;shali obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(53.) In order to explain the power of lenses in ma^gnifying 
objects and bringing them near us, or rather in giving mag- 
nified images of objects, and bringing the images near us, 
we must examine the different circumstances under which 
the same object appears when placed at different distances 
from the eye. If an eye placed at E looks at a man a 6, Jig. 
85., placed at a distance, his general outline only will be seen, 

Fig. 25. 



ind neither his age, nor his features, nor his dress will be re- 
cognized. When he is brought gradually nearer to us, we dis- 
cover the separate parts of his dress, till at the distance of a 
few feet we perceive his features; and when brought still 
nearer, we can count his very eye-lashes, and observe the 
minutest lines upon his skin. At the distance E 6 the man 
is seen under the angle 6 E a, and at the distance E B he is 
seen under the greater angle B E A or 6 E A', and his iippa- 
rent magnitudes, a b, A' b, are measured in those difierent 
pontions by the anffles 6 E a, B E A, or 6 E A'. The appa- 
veBt magnitude d Uie smallest object may, therefore, be equal 
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to the ippare&t magnitiide of the greatest The head of a 
fiiii fcr example, may be brought so near the eye that it will 
appear to cover a whole mountain, or even the whole visible 
nr&ce a£ the earth, and in this case the apparent magnitude 
of the pin's head is said to be equal to the apparent magnitude 
of the mountain, &c. 

Let OS now suppose the man a 6 to be placed at the dis- 
tmce of 100 feet maa the e^e at £, and that we place a con- 
Tez glass of 25 feet focal distance, half-way between the ob- 
ject a b and the eye, that is 60 feet from each ; then, as we 
have previously i^wn, an inverted image of the man will be 
firmed 50 feet behind the lens, and of the very same size as 
the object, that is, six feet high. If this object is looked at 
by the eye, placed 6 or 8 inches behind it, it will be seen ex- 
ceedingly distinct, and nearly as well as if the man bad been 
broa|^t nearer from the distance of 100 feet to the distance 
(^ 6 mches, at which we can examine minutely the details 
of his personal appearance. Now, in this case, the man, 
though not actually magnified, has been apparently magni- 
fied, because his apparent magnitude is greatly increased, in 
the proportion nearly of 6 inches to 100 feet, or of 200 to 1. 

But i£, instead of a lens of 25 feet focat length, we make 
use of a lens of a shorter focus, and place it in such a position 
between the eye and the man, that its conjugate foci may be 
at the distance of 20 and 80 feet from the lens, that is, that 
the man is 20 feet before the lens, and his image 80 feet be- 
hind it, then the size of the image is four times that of the 
object, and the eye placed 6 inches behind this magnified 
image will see it with the greatest distinctness. Now in 
this case the image is ma^ified 4 times directly by the lens, 
and 200 times by being brought 200 times nearer the eye; 
»aiat it8 apparent magnitude wiU be 800 tunes as large os 
befora 

If, OD the other hand, we use a lens of a still smaller focal 
length, and place it in such a position between the eye and 
the man, that its conjugate foci may be at the distance of 75 
and 25 feet firom the lens, that is, that the man is 75 feet be- 
finre the lens, and his image 25 feet behind it, then the size of 
the image will be only one third of the size of the object ; 
but though the image is thus diminished three times in size, 
?et its apparent magnitude is increased 200 times by bein^ 
brought within 6 inches of the eye, so that it is stUl magm- 
fied, or its apparent magnitude is increased ^f®, or 67 times, 
nearly. 

At distances less than the preceding, where the focal 
length of the lens forms a considerable p£rt of the whole dis- 

£ 
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tance, the role &r finding the magni^ing power of a loii, 
when the eye views, at the distance of 6 inches, the image 
formed by the lens, is as followa. From the distance between 
the image and the object in feet, subtract the focal distance 
of the lens in feet, and divide the remainder by the same focal 
distance. By this quotient divide twice the distance of the 
object in feet, and the new quotient wdl be the magnij^^ing 
power, or the number of times that the apparent magnitude 
of the object is increased. 

When the focal length of the lens is quite inoonaiderable, 
compared with the di^ance of the object, as it is in most 
cases, the rule becomes this. Divide the focal length of the 
lens by the distance at which the eye looks at the ima^ ; or, 
as the eye will generally look at it at the distance <^6 mches, 
ill order tD.see it most £stinctly,^divide the focal length by 6 
inches ; or, what is the same thing, double the focal length in 
feet, and the result will be the magni^ing power. 

(54.) Here, then, we have the principle of the simplest 
telescope ; which consists of a lens, whose focal length ex- 
ceeds six inches, placed at one end of a tube whose length 
must always be six inches greater than the focal length of the 
lens. When the eye is placed at the other end of the tube, 
it will see an inverted image of distant objects, magnified in 
proportion to the focal length of the lens. If the lens has a 
focal length of 10 or 12 feet, the magnifying power will be 
from 20 to 24 times, and the satellites of Jupiter will be dis- 
tinctly seen through this single lens telescope. To a very 
short-sighted person, who sees objects distinctly at a distance 
qS three inches, the magnifying power would be from 40 to 48. 

A single concave murror is, upon the same principle, a re- 
Jlecting telescope, for it is of no consequence whether the 
unage of the object is formed by refraction or reflexion. In 
tliis case, however, the image m n. Jig. 14., cannot be looked 
at without standing in the way of tiie object; but if the re- 
flection is made a little obliquely, or if the mirror is sufficiently 
large, so as not to intercept all the light from the object, it may 
be employed as a telescope. By using his great mirror, 4 feet 
in diameter and 40 feet in focal lengui, in the way now men* 
tioned, Dr. Herschel discovered one of tJie satellites of Saturn. 

But there is still another way of increasing the apparent 
magnitude of objects, particularly of those which are within 
our reach, which is of great importance in optics. It wiU be 
proved, when we come to treat of vision, that a good eye sees 
the visible outline of an object very distinctly when it is 
placed at a great distance, and that, by a particular power in 
the eye, we can accommodate it to perceive objects at differ- 
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aaft diHtancea Hence, in order to obtain distinct vision of 
uy object, we bave only to cause tbe rays wbich proceed 
ficin it to enter the eye in pajrallel lines, as if the object 
itself was very distant Now, if we bring an object, or the 
ioMge of an oligect, v^ near to the ey^e, so as to firive it great 
ai^Moent magnitude, it becomes indistinct ; but if we can, by 
any ooDlrivance, make the rays which proceed fix)m it enter 
tbe eye nearly parallel, we shall necessarily see it distinc^y. 
But we have already shown that when rays diverffe from the 
fixios of any lens^ they will emerge fiom it parafld. I£ we, 
tiierefinre, place an object, or an image of one^ in the fecus of 
a lens held close to the eye, and baving a small focal distance, 
the rays will enter the eye parallel, and we shall see the ob- 
ject very distinctly, as it will be magnified in the proportion 
of its present short distance from the eye to the distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal len£[th of the lens, so 
that the magnifying power produced by tibe lens will be equal 
to six inches divid^ by the focal length of the lena A lens 
thos used to look at or magnify any object is a tingle micro- 
tcojte; and when such a lens is used to magnify the magnifi- 
ed image produced by another lens^ the two lenses together 
OGDstitate a compound microscope. 

When snch a lens is used to magnify the image produced 
m the single lens telescope from a ^ustant object, tiie two 
lenses together constitute what is called the astronomical re- 
fiading telescope; and when it is used to maenify the 
image j^xduced by a concave mirror from a distant doject, the 
two constitute a r^/kcHng telescope^ such as that used by Le 
Ifaire and Herschel : ami when it is used to magnify an en- 
larged image, M N, fig. 14., produced fiom an object m n, 
^aced before a concave mirror, the two constitute a refiect" 
tng mienMKope. All these instruments will be more fuUy 
desczibed in a future chapter. 



CHAP. VL 

SQPHERIOAL ABERRATION OF LENSES AND MIRRORS.* 

(55.) In the preceding chapters we have supposed that the 
nys refiticted at spherical surfaces meet exactly in a focus ; 
bat this is by no means strictly true : and if the reader has in 
any one case projected the rays by the methods described, he 
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must have seen tfaii the nys Dearest the asds ef a spherical 
snr&ce, or of a lens, are refracted to a focus more remoHi 
from the lens than those which are incident at a distance from 
the axis of the lens. The* rules which we have gfiven fiir the 
foci of lenses and sur&ces are true for rays Tery near the «xk 
La order to understand the cause of spherical aberrtOiOD, let 
L L be a pbmo-convex lens one of whose sur&ces is spberical, 
and let its plane surface L fit L be turned towards parallel 
rays R L, R L. Let R' L', R' L' be 'tb.jb Tery near the azk 
A F of tlM lens, and let F be their fbcus after refraction. Let 
R L, R L be parallel rays incident at the yery margin of the 
lens, and it will be found by the method of projection that the 

jFlfjr.36. 




cooreBponding re&acted rays L/, L/ will- meet at a point/ 
much nearer the lens than F. In like mann^ intermediate 
i:ay8 between R L and R' L' will have their foci intermediate 
between /and F. Continue the rays L/ L/ till they meet 
at G and H a plane passing through F, and perpendicular to F A^ 
The distance /F is callai the longitudinal spherical abemh 
Iton, and G H the lateral spherical aberration of the lens. In 
a plano-convex lens placed like that in the figure, the k»gitu* 
dinal spherical aberration /F is no less tbm 4^ times m n the 
thickness of the lens. It is obvious that such a lens cannot form 
a distinct picture of any object in its fbcus F. If it is exposed 
to the sun, the central part of the lens L' m U whose fbcus is 
at F, will form a pretty bright image of the sun at F ; but as 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at points between /and F, the rays will, 
after arriving at those points, pass on to the plane G H, and 
occupy a chrcle whose diameter is G H ; hence 
the una^ oS the sun in the focus F will be a 
bright disc surrounded and rendered indistinct 
by a broad halo of light ztomng fainter and 
fainter from F to G and H. In Tike mani^r, 
every object seen through such a lens, and 
evenr image formed by it, will be rendered 
confused and indistinct by spherical aberration. 
These results may be illustrated experimentally by taking 
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a riiur of Uack paper, and covering ap the outer parts of the 
ftce L L of the lens. This will diminish the halo G H, and 
tiie indistinctness of the image, and if we cover up aU the 
lens excepting a small part in the centre, the image will he- 
oome perfectly distinct, though less bright than before, and the 
Ibcos will be at F. 1£, on the contrary, we cover up all the 
central part, and leave only a narrow ring at the circumfe- 
rence of the lens, we shall have a very distinct image of the 
son formed about y! 

(56.) If the r^er will draw a very large diagram of a 
plano-convex and of a double convex lens, and determine the 
refracted rays at different distances from the axis where par- 
allel rays &11 on each of the surfaces of the lens, he will be 
able to verify the following results for glass lenses. 

1. In a planoconvex lens, witli its plane side turned to par- 
allel rays as mjig, 36., that is, turned to distant objects if it is 
to form an image behind it, or turned to the eye if it is to be 
used in magnifying a near object, the spherical aberration will 
be 4} times the thickness, or 4^ times m n. 

2. In a planoconvex lens, with its convex side turned to- 
wards parallel rays, the aberration is only 1^^ of its thick- 
ness. In usinff a plano-convex lens, therefore, it should always 
be 80 placed Uiat parallel rays either enter liie convex su^bce 
or emerge from it 

3. .In a double convex lens with equal convexities, the aber- 
ration is lyS^ths of its thickness. 

4. In a double convex lens having its radii as 2 to 5, the 
aberration will be the same as in a plano-convex lens in Rule 
1, if the side whose radius is 5 is turned towards parallel rays; 
and the same as the plano-convex lens in Rule 2, if the ode 
whose radius is 2 is turned to parallel rays. 

5* The lens which has the least spherical aberration is a 
doable convex one, whose radii are as 1 to 6. When the face 
whose radius is 1 is turned towards parallel rays, the aberrar 
tion is only IpJ^ths of its thickness ; but when the side with 
the radius 6 is turned towards parallel rays,. the aberration is 
dj-Vvfths of its thickness. 

These results are equally true of piano-concave and double 
concave lenses. 

^f we suppose the lens of least spherical aberratibn to have 
its aberration equal to 1, the aberrations of the other lenses 
will be as follows : — 

Best form, as in Rule 5 1*000 

Doable convex or concave, with equal curvatures . 1*561 
Plano-convex or concave in best position, as in Rule 9. 1*093 
PlaiuM»nvex or concave in worst position, as in Rule 1. 4*206 

E2 
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(67.) As tiie central parts df the lens L lufig* 86., refiact 
tha rays too little, and the marg^al parts too much, it is evi» 
dent that if we could increase £e convexity at n and dimiiush 
it ^pradually towards L, we should remove the spherical aber- 
ratioD. But the ellipse and the hyperbola are curves of this, 
land, in which the curvature diminishes from n to L; and 
mathematicians have shown how sjdierical aberration may be 
entirely removed, by lenses whose sections are ellipses or hy- 
perbolas. This cunous discovery we owe to Descules. 

Fig.2R. 




If A L D L, for example, is an ellipse whose greater axis 
A D is to the distance between its foci F,^ as the index (^re- 
fraction is to unity, then parallel rays R L, R L incident upon 
the elliptical sur&ce L A L will be refracted by the single 
action of that surface into lines, which would meet exactly in 
the focws F, if there were no second surface intervening be- 
tween L A L and F. But as every useful lens must have two 
sur&ces, we have only to describe a circle L a L round F as a 
centre, for the second surface of the lens L L. As all the rays 
refracted at the sur&ce L A L converge accurately to F, and 
as the circular sur&ce L a L is per];>enaicular to every one of 
the refracted rays, all these rays will so on to F without su^ 
fering any refraction at the circular sumce. Hence it follows 
that a meniscus whose convex surface is part of an ellipsoid, 
and whose concave sur&ce is part of any spherical sur&ce 
whose centre is in the fiurther focus, will have no spherical 
aberration, and will refract parallel rays incident on its convex 
surface to the farther focus. 

In like manner a concavo-convex lells, L L, whose concave 

Fig. 39. 
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Borfhce L A L is part of the ellipsoid A L D L, and vfbxmo 
ooDvez sorfiice I alia a. circle described nmnd tiie fiirther 
ibcus of the ellipse, will caase parallel rays R L, R L to di- 
vem in directions L r, L r, which when continued backwards 
wiU meet exactly in the ^us F, which will be its virtnal 
fixms. 
If a plano-convex lens has its convex snrfiice, L A L, part 

Fir 40, 




of a fayperboiloid fermed by the revolution of a hj[perbok whose 
graater axis is to the distance between the foci as unit? is to 
we index of refraction; then parallel rays, R L, R L, fidling 
perpendicularly on the plane surface will be refracted without 
aberration to the fiurther focus of the hyperboloid. The same 
pcopeity bekoffs to a plano-ccmcave lens, having a similar 
hyperbolic surmce, and receiving parallel rays on its plane 
aaiftce. 

A meniscus with spherical surfaces has the property of re- 
iiacting all converging rays to its focus, if its nnt surnce is 




>3E 



ooQvez, provided the distance of the pomt of convergence or 
divergence from the centre of the first sui^e is to the radius 
of tM first surfiu;e as the index of refraction is to unity. 
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Thus, if ML L N is a meniscus, and R L, R L rays convei^ 
ing to the point E, whose distance E C from the centre of the 
first surface L A L of the meniscus is to the radius C A or 
C Las the index of refraction is to unity, that is as 1*500 to 1, 
in glass ; then if F is the focus of the first surface, describe 
with any radius less than F A a circle M a N for the second 
sur&ce of tiie lens. Now it will be found by projection that 
the rays R L, R L, whether near the axis A E or remote from 
it, will be refracted accurately to the focus F, and as all these 
rays fall perpendicularly on the second surface, they will 
still pass on witJiout refraction to the focus F. In like manner 
it is obvious that rays F I^ F L diverging from F will be re- 
fracted into R L, R L, which diverge accurately firom the vir- 
tual focus. 

When these properties of the ellipse and hyperbola, and d 
the solids generated by their revolution, were first discovered, 
philosophers exerted aU their ingenuity in grinding and polish- 
ing lenses with elliptical and hyperbolical surfaces, and various 
ingenious mechanical contrivances were proposed for this pur- 
pose. These, however, have not succeeded, and the practical 
difficulties which jet require to be overcome are so great, that 
lenses with sphencal surfaces are the only ones now ii^ use 
for optical instrument& 

Bat though we cannot remove or diminish the spherical 
aberration of single lenses beyond lyjg^ths of their thiclmesB^ 
yet by combining two or more lenses, and making* qf^posite 
aberrations correct each other, we can remedy this defect to a 
very considerable extent in some cases, and in other cases re- 
move it altogether. 

(58.) Mr. Herschel has shown, that if two plano-convex 
lenses A B, C D, whose focal lengths are as 2*3 to 1, are placed 
with their convex sides together, A B the least convex being 
next the eye when the combination is to be used as a micro- 
scope, the aberration will be onl^ 0*248, or one fourth of that 
f^ 42. ^^ ^ single lens in its best form. 

When this lens is used to form an 

-Ak ^C image, A B must be turned to the 

ft M object If the focal lengths of the 

H^H two lenses are equal, the spherical 

^ 4 aberration will be 0*603, or a littie 

^ H more than one-half of a single lens 

B^B i in its best form. 

W ^m Mr. Herschel has also shown that 

2* ^j) the spherical aberration may be 

whoUy removed by combining a 
meniscus C D with a doable convex lens A B, as 'mjiff9, 4a 
and 44., the lens A B being turned to the eye when it is lised 
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faa miorofloope, axicl1» the object when it is to be lued ftr 
fcnmng images^ or as a baming'-glass. 

1^.43. ^.44. 





The fbllowmff are the radii of curvature for these lenses, 
88 computed by Mr. Herachel ; the first supposesi as a condi- 
tkn, tbit the rocal len^ of the compouna lens eball be as 
near lOOOO as is consistent with correcting the aberratioQ ; 
tnd the second, that the same focal length fihall be the least 
poBnUe-S'— 

Fig. 43. wig. 44. 

Badios of its first or outer surfiice + 5*633 + 5-633 
Badios of its second sur&ce . . — 85-000 — 35O00 
Focal length of the meniscus C D + 17-629 + 5-497 
Baditui of its first surface . . . + 3-688 + 2-054 
Radios of its second sur&ce . . + 6-291 + 6-128 
Focal lexigth of the compound lens + 6-407 -f 3*474 

8pheri(Ml Aherraiiim of 3/Xhror$. 

nSO.) We have already stated, that when parallel rays, A M, 
A N, are incident on a spherical mirror, M N, thev are re- 
fracted to the same focus, F, only when they are incioent very 
near the azi% AD. If F is the focus of those very near the 

^.45. 




udii such as A m, then the focus of those more remote, such 
u A M, win be at / between F and D, and/F will be the 



68 A 31KKATI8£ ON OFIVCS. .TABfg^h 

iCpeitudiBal spherical abermtioD, which 'will obvioufily Increii^ 
with ti^e diameter of th^ mirror when its curvatqre reinaiili 
the same, and with the. curvature when its diameter is coi^ 
stant The hnages, therefore, formed by mirrors will be ia^ 
distinct, like th^se formed by spherical lenses, and the indit- 
tinctneap will arise from the same cause. 

It is manifest that if M N were a curve of such a nature 
that a linS) A M, parallel to its axis, A D, and anoCher line, 
/3f drawn from M 'to a fixed point, /rshould always tffm 
equal angles with a line, C M, perpendicular to the curve 
M N, we should in this case have a surface which would re- 
flect parallel rays exactly to a focus /, and form perfectly dis- 
tinct images of objects. Such a curve is the parabola ; and, 
therefore, if we x^puld co^;i8truct mirrors of such a form that 
their .section. M N is a parabola, they would have the invaJiniif 
ble property of reflecting parallel ray? to a single focu& 
When the curvature of the mirror is very small, opticians 
have devised methods of communicating to it a parabolic 
figure ; but when the curvature' is great, it has not yet beeii 
found practicable to give it this figure. 

In tne same manner it may be shown, that when diverging 
rays &n upoA a concave mirror of a spherical form, they ^^^ 
be reflect^ to difierent points of the a^; ahd that if a sur- 
face could be formied so that the incident and .reflected tliyi 
should form equal angles with a line perpendicular to the isiip- 
fibce at the point of^ incidence, the reflected n.fB would 'all 
meet in a single point as' their focua ' A surface wbdee lieo- 
tion is an elupse ha^ this property; and it may be prdved 
that rays diverging firom one focus of an eUipse will be re- 
flected accurately to the other focus. Hence in reflecting 
microscopes the mirror should be a portion of an eUipsoid; 
the axis of the mirror being the axis of the ellipsoid, oad the 
object being placed in the foeus nearest the mirror. 

■.I ■ * ■ 

On Cauipie Curves formed by Reflexion and Refractknu*^ ^ ' 

(60^ Caustics formed by reflexion, — ^As the rays incident 
on difierent points of a reflecting surface at difierent distancet- 
from its axis are reflected to difierent foci in that axis, it is 
evident that the rays thus reflected must cross one another at 
particular points, and wherev» the rays croee they will illu? 
minate the white ground on which mey are received with 
twice as much light bs M\a on other parts of the ground. 
These luminous intersections form curve lines, called caustic 
lines or caustic curves ; and their nature and form wiU, of 

* 8m (in tke College edition) tbe Appendix of Am. ed. ehnp. ▼. 
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■■■■L iiiiij with tbe^iertureitf' themimfl*, and the diatance 
rf the ndntnt point 

In ndcT to o^un Qteai mode of fbimation and genenl 
inpstiea, lat HBN be & concave ajdierical mirror, ^. 46., 
«kn centre ia C, and wboae fbcin for parallel and central 



nr-w. 



m u 8 




nji ■ F. Let R M B be a iiverging beam of light fiJling 
CD ^ upper part, M B, of the mirror at the points 1, 2, 8, { 
fee If we draw lines perpendicular to all thoM points {torn 
the eentee C, and make the angles of reflexion equal to the 
aglea trf* incidence, we ahall obtain the directions and foci <^ 
ill the reflected raya. The rav R 1, near the axis R B, will 
biTe its conjugate fbcue at f, between F and the centre C. 
The next ray, R 2, will cut the axis nearer F, and eo cm with 
lil the rest, the foci advancing from /to R By drawing all 
the reflected rays to these foci, they will be found to intersect 
one another as m the ligure, and to form by their intersections 
the coualic carve M/- If the light had also been incident 
Ml the lower part of the minor, a siznilar caustic shown bf a 
dotted line would also have been formed between N and / 
If we euppoee, therefore, the point of incidence to move from 
U to B, the conjugate Eicus of any two contiguous rays, or 
la mfiiutely slender pencil diverging from R, will move along 
llw caustic from M to / 

Let us now suppose the convex surface M B N of the mir- 
ror to bo polished, and the radiant point R to be placed as far 
to the ri|rht hand of B aa it Lb now to the left, it will be found, 
by drawmg the incident and rellected rays, that they will di- 
Terge aiter reflexion; and that when continued hockwanls 
they will inteisect one anotiier, and form on imaginary caustic 
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nitMtwl bshind the coana Borfiwei ""J aimilir' bi. dn Md '• 

If we mppcM the tmivex mirror HBNtabs e 
Toond the same centre, C, u at MAN, and liia p 
nya still to radiite from R, they wiU tana tita iiL.^._ 
caustic MPN Bmaller than M/N, and uniting with il 
the paints M, N. 

Let the radiant point R be now Buppoaed to recede fiom -■ 
the mirror M B N, the line B/, which is called the langait ■■ 
of the real caustic M/N, wiU obviousl; diminiah, becauM 
the conjugate focus/will approach toF; and, for the same 
reason, the tangent A /' of the iraeeinory' caustic will in- 
crease. When R becomes infinitely mstant, and the iocident 
ra^s parallel, the pcants //', called the cutpt of the caustic 
will both coincide with F and F', the principal fiiei, and will 
have the very same size and form. 

But if the radiant pcnnt R approaches to the mirror, the 
cusp f of die real caustic will approach to the centre C, and 
the tangent B / will increase, the cuap f of the imaginary 
caustic will approach A, and its tangent AJ"', will diminish; 
and when the radiant point arrives at the circumference at A, 
the cusp f will also arrive at A, and the imaginary caustic 
will disappear. At the same time, the cusp / of the real 
. caustic will be a little to the right of C, and its two qipoole 
summits will meet in the radiant point at A. 

If we suppoae the radiant point R now to enter within As 
circle AM BN, BE ^lovmin^^. 47., aothat RC iiloMthu 




CHAP. VI. 



CAUSTIC CUBVS8. 



61 



« r, 6 r, having their common cusp at r, and of two lon^ 
bniichea, af^ bf^ which meet in a kx;u8 at / When R C is 
greater than R A, the curved hranches that meet at f behind 
3ie mirror will diver^, and have a virtual locus within the 
mirror. When R comcides with F, a point halfway between 
A and C, and the virtual principal focus of the convex mirror 
MAN, these curved branches bec(»ne parallel lines; and 
when R cdn^ides with the centre C, the caustics disappear, 
and all the liffht is condensed into a single mathematical point 
at C, from which it again diverges, and is again reflected to 
the same point 

In virtue <^ the principle on which these phenomena de- 
pend, a spherical mirror has, under certain circumstances, the 
parado2n^ property of rendering rays diverging from a fixed 
point either parallel, diverging, or converging ; that is, if the 
ndiant point is a little way within the principal focus of a 
minor, so that rays ver^ near the axis are reflected into par- 
allel lines, the rays which are incident still nearer the axis 
wiU be rendered diverging, and those incident ftrther from 
the axis will be rendered converging. This property may be 
distinctly exhibited by the projection of the reflected rays. 

Caustic curves are frequently seen in a very distinct and 
beautiful manner at the bottom of cylindrical vessels of china 
or earthenware that happen to be exposed to the liffht of the 
sun or of a candle. In mese cases the rajrs generally fidl too 
obliquely on their cylindrical surface, owing to their depth ; 
but this depth may be removed, and the caiutic curves beau- 
tifully displayed, by inserting a circular piece of card or 
white paper about an inch or so beneath their upper edge, or 
by fillmff them to that height with milk or any white and 
flu ■ 



opaque fluid. 




The following method, however, of ex* 
hibiting caustic curves I have fbund ex- 
ceedingly convenient and instructive. Take 
a piece of steel spring highly polished, such 
as a watch-spring, M N, fig, 48., and hav- 
ing bent it into a concave form as in the 
figure, place it vertically on its edge upon 
a piece of card or white paper A B. Let 
it then be exposed either to the rays of 
the sun, or those of any other luminous 
body, taking care that the plane of the 
card or the paper passes nearly through 
the suD ; and the two caustic curves shown 
in the figure will be finely displayed. By 
varying the size of the spring, and bending 
F 
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it into curves of different shapes, all the variety of caustics, 
with their cusps and points of contrary flexure, will be finely 
exhibited. The steel may be bent accurately into different 
curves by applying a portion of its breadth to the required 
curves drawn upon a piece of wood, and either cut or burned 
sufficiently deep in the wood to allow the edge of the thin 
strip of metal to be inserted in it Gold or silver foil answers 
very well ; and when the light is strong, a thin strip of mica 
will also answer the purpose. The best substance of all, 
however, is a thin strip of polished silver. 

(61.) CkiiLstics formed by refraction. If we expose a 
globe of glass filled with water, or a solid spherical lens, or 
even the belly of a round decanter, filled with water, to tbe 
nya of the sun, or to the light of a lamp or candle, and re- 
ceive the refracted light on white paper held almost parallel 
to the axis of the sphere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the paper a 
luminous figure bounded by two bright caustics, like af and 
b f, Jig, 47., but placed behind the sphere, and forming a 
sharp cusp or angle at the point /, which is the focus of re- ^ 
fracted rays. The production of uiese curves depends upon 
the intersection of rap, which, being incident on the 8|^re 
at different distances nom the axis, are refracted to foci at dif> 
ferent points of the axis, and therefore cross one another. 
Thii9 result is so easily understood, and may be exhibited so 
clearly, by projecting the refracted hiys, that it is unneces- 
saiy to say any more on the subject 

Some of the phenomena of caustics produced by refraction 
may be illustrated experimentally in the following nmnner: — 
Take a shallow cylindrical vessel of lead, M N, two or three 
inches in diameter, and cut its upper margin, as shown in the 
figure, leaving two opposite projections, ac,bdj forming each 
about 10<* or 15° of the whole circumference. Complete the 
cuTumference by cementing on the vessel two strips of mica, 
j^ ^g so as to substitute for ihe lead that has 

been removed two transparent cylin- 
■ ^ 9^ . „ drical surfaces. If this vessel is filled 

with water, or any other transparent 
fluid, and a piece of card or white 
paper, A B C D, is held almost paral- 
lel to the surface of the water, and 
having its plane nearly passing 
through the sun or the candle, the caustics A F, D F will be 
finely displayed. By altering the curvature of the vessel, 
and that of the strips of mica, many interesting variations dt 
the experiment may be made. 
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PHYSICAL OPTICS. 



(02.) PHTSiOAii Optics is that branch ai the science which 
treats of the i^ysical properties oi light These properties 
are exhibited in the decomposition and recomposition or white 
light; in its decomposition by absorption; in the inflexion or 
dffiaction of light ; in lihe colors of thick and thin plates; and 
in the double refraction and polarization of light 



CHAP. vn. 

ON THE OOLOBS OF UOHT, AND ITS DECOMPOSITION. 

(fIS,) In the precedinfif chapters we have regarded light bb 
t omple sabstance, all me parts of which had the same index 
of renaction, and therefore sufered the same changes when 
tcted upon by transparent media. This, however, is not its 
cooBtitdtion. White light, as emitted from the sun or from 

SluDiinouB body, is composed .of seven different kinds of 
t, viz., redi orange, yellow, green, blue, indiffo, and violet; 
md this compound substance may be decomposed, or analyised, 
or separated into its elementary parts, by two different pro- 
cesKs, viz., by refraction and absorption. 

The first of these processes was that which was employed 
by Sir Isaac Newton, who discovered the composition of white 
light llaving admitted a beam of the sun's light, S H, 
through a small hole, H, in the windowHshutter, E F, of a 
darkled room^ it will go on in a straight line and fbrm a 
Rxmd white spot at P. If we now interpose a prism, BAG, 
whoae refractmg angle is B A C, so that this beam of light 
may fiiU on its first surface CA, and emerge at the same 
angle from its second sur&ce 6 A in the direction g G, and if 
we receive the refracted beam on the opposite wall, or rather 
on a white screen, M N, we should expect, from the principles 
already laid dowA. that the white beam which previously fell 
npon P would suffer only a change in its direction, and fell 
somewhere upon M N, forming there a round white spot ex- 
actly similar to thlit at P. But thi^ is not the case. Instead 
of a white spot, there will be formed upon the screen M N an 
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oblong inuge K L of the mm, coDbuuing eeven coltnB, n& 
red, orange, yeUou, green, blue, indigo, uid violet, the wboib 




bmn of li^t dive^inc ficm ita emergence oat of the pmn 
at ^, and Ming boundM by the line* gK, g I. Thu lei^;tb- 
ened inuge tf the aun is called the tdar (pwlruiB, or the 
frimuitie tpectrvm. If the aperture H u unall, and the dv 
tance ^ G conaideiable, the coloTBof theepectnirawillbefeiT 
bright The lowest portion of it at L ia a b-iUknt red. Thu 
red shades oSby imperceptible gradatiooa into orange, tbe 
orange into yellow, the t/euouiialo green, the green into bime, 
the Mue into a pure in£go, and tbe indigo into a violal. No 
lines are aeen acroes the apectrum tbua produced ; aiu] it ia 
eztremelj difficult tor the aban>eat eye to point out the boond- 
ary of the difierent colon. Sir Isaac Newton, however, hv 
many trials, found the lengths of the colon to be aa followa, 



ts ohtaioed bj Fiaunbofer with flint glasa 
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These coIokb are not equally brilliant At the lower end, I^ 
of the Bpectaruxn the red is comparativdy fiunt, but giowa 
brighter as it approaches the orange. The light increases 
lually to the middle of the yellow space, where it is 
Jitest; and from this it gradually declines to the upper or 
let end, K, of the spectrum, where it is extremely famt 
(64.) fVom the phenomena which we have now described, 
Sir Isaac Newton concluded that the beam of white liffht, S, 
18 compounded of light of seven different colors, and tEeit &r 
each or these different kinds of li^ht, the fflaas, of which his 
prism was made, had diflferent indices of re&action ; the index 
of refraction for the red light being the least, and that of the 
no^ the greatest 

If the prism is made of croum glass, for example, the in- 
dices of refraction for the different colored rays will be as folr 
bws: — 

Indue of ladczoC 

Betaetion. BafnetloD. 



Blue 1-5360 

Indigo 1.5417 

Violet 1-5466 



Red 1-5258 

Orange 1-5368 

Yelkiv 1-5296 

Gnen 1-5330 

If we now draw the prism, B A C, on a great scale, and de- 
termine the progress of the refracted rays, supposed to be in- 
cident upon the same point of the first sur&ce C A, by using 
fat each ray the index of refraction in the preceding table, we 
rfnll find them to diverg^e as in the preceding fimire, and to 
firm the difierent colors in the order of those m the spectrum. 

In order to examine each color separately, Sir Isaac made 
t bole in the screen M N, opposite the centre of each colored 
space; and he allowed that particular color to fall upon a 
second prism, placed behind the hole. This light, when re- 
fiicted oy the second prism, Mras not drawn out into an oblong 
image as before, and was not refracted into any other colors. 
Hence he concluded that the light of each different color had 
Ihe same index of refraction ; and he called such light homo- 
geneous, or simple, white light being regarded as heteroge' 
neous or compowid. This important doctrine is called the 
different refrangibUity of the rays of light The different 
cobrs as existing in the spectrum are called primary colors ; 
and any mixtures or combinations of any of them are called 
teamdary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white light. Sir Isaac also proved, experimentally, that all the 
seven colors, when again combined and made to fall upon the 

F2 
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nine spot, formed or recomposed white lig^t This importuit 
troth he estsibli^ed by vanoas experiments ; bat the fbilowin|f 
method of proving it is so satisfactory, that no farther evidence 
seems to be wanted. Let the screen M N,^. 50., which re- 
ceives the spectrum, be gradually brought nearer the prism 
B A C, the spectrum K L will gradually diminish ; but though 
the colors begin to mix, and encroach upon one another, yet, 
eveti when it is brought close to the fkce B A of the prism, we 
shall recognize the separation of the light into its ct M npon e nt 
color& Ifwe now take a prism, B a A, shown by dotted linear 
made of the same kind of glass as B A C, and having its re- 
fracting angle A B a exactly equal to the refracting an^le 
B A C of the otiier prism ; and if we place it in the opponte 
direction, we shall nnd that all the seven differently colored 
rajTs which fall upon the second prism, A B a, are again com- 
bined into a sin^e beam of white light ^ P, forming a white 
circular spot at P, as if neither of the prisms had b^n inter- 
posed. The very same effect will be produced, even if the 
surfaces, A B, of the two prisms are joined by a transparent 
cement of the same refractive power as the glass, so aa to re- 
move entirely the refractions at the common sur&ce A B. In 
this state the two prisms combined are nothing more than a 
thick piece of glass, B C A a, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by there- 
fraction of the first surface, A C, is counteracted by the oppo- 
site and equal refraction of the second surface, aB; that is, 
the li^ht decomposed by the first surface is recomposed by the 
second surface. The refi'action and re-union of the rays in 
this experiment may be well exhibited by placing a thick plate 
of oil of cassia between two parallel plates of gla^ and 
making a narrow beam of the sun's light &11 upon it very ob- 
liquely. The spectrum formed by the action cff the first sur- 
face will be distinctly visible, and the re-union of the ooloni 
by the second will be equally distinct We may, ther^xe, 
consider the action of a plate of parallel glass on the sun'i 
rays, that is, its property of transmitting them colorlese^ as a 
sufficient proof of the recomposition (^ light 

The same doctrine may be illustrated experimentally by 
mixing to^rether seven different powders havinff the same 
colors as £oee of the spectrum, taking as much of each as 
seems to be proportional to the rays in each colored q^iaca 
The union of^ these colors will be a sort of grayish- white, be- 
cause it is impossible to obtain powders of me proper colonL 
The same result will be obtained, if we take a circle of paper 
and divide it into sectors of the same size aa the colorad 
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moes; and when this circle is made to revQl?e rapidly, the 
met of all the colors when combined will he a grayish-white. 

Decomposition of Light by Absorption. 

(66.) If we measure the quantity oflight which is relSected 
ma the sur&ces and transmitted through the substance of 
trBnspaient bodies, we shall find that the sum of these quan- 
tities 18 always less than the quantity of light which falls 
iipon the body. Hence we may conclude that a certain por- 
tion of light is hst in passing through the most transparent 
bodies. ^Hiis loss arises from two causes. A part of the light 
is scattered in all directions by irregular reflexion fhnn the 
nnperfectly polished surface of particular media, or from the 
imperfect union of its parts ; wmle another, and generally a 
ereater portion, is absorbed, or stopped by the particles of the 
body. Colored fluids, such as black and re^ ink, thou^ 
eqiudl J homogeneous, stop or absorb different kinds of rays, 
and when exposed to the sun they become heated in different 
degrees; while pure water seems to transmit all the rays 
eoually,* and scarcely receives any heat from the passing light 
of the sun. 

When we examine more minutely the action of colored 
Classes and colored fluids in absorbing light, many remarkable 
phenomena present themselves, which t&ow much light upcm 
this curious subject 

If we take a piece of blue glass, like that generally used 
for finger glasses, and transmit through it a l^am of white 
light, ttie light will be a fine deep blue. This blue is not a 
imple homogeneous color, like the blue or indigo of the spec- 
tram, bat is a mixture of all the colors of white light which 
the glass has not absorbed ; and the colors which the glass 
hu absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would form white light 
In order to determine wh&t these colors are, let us transmit 
throi^h the blue glass the prismatic spectrum E L^ Jig. 50. ; 
or, what is the same thing, let the observer place his eye be- 
hind the prism BAG, and look through it at the sun, or 
lather at a circular aperture made in the window-shutter of 
a dark ioool He will then see through the prism the spec- 
tnim K L as far below the aperture as it was above the spot P 
when shown in the screen. Let the blue glass be now mter- 
posed between the eye and the prism, and a remarkable spec- 
tram will be seen, deficient in a certain number ci its diner- 
— ■ ■ ■ ■ ■ 

* See Note 11.. of Ap. ed-, which foUowi the author*! Appendix. 
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ently colored rays. A particular tluckneas absc^bs the middle 
of the red space, the whole of' the orange, a sreat part of llie 
green, a considerable part of the blue, a little of the indigo^ 
and very little of the violet The yellow space, which oBa 
not been much absorbed, has increased in breadth. It occu- 
pies part of the space formerly covered by the orange on one 
side,,and part of the space formerly covered by the green on 
the otiier. Hence it Ktllows, that the blue glass has abeoibed 
the red light, which, when mixed with the yellow light, con- 
stituted orange, and has absorbed also the blue ligh^ which, 
when mixed with the yellow, constituted the part of the 
green space next to the yellow. We have therefore, by ab- 
sorption, decomposed green light into yellow and blue, and 
orange light into yellow and red ; and it consequently foUowi^ 
that the orange and ^reen rays of the spectrum, though they' 
cannot be decompos^ by prismatic refraction, can be decom« 
posed by absorption, and actually consist of two different 
colors possessing the same degree of refrangibility. Differ* 
ence of color it therefore not a test ofdWerence of rejrangi' 
bility, and the conclusion deduced by Newton is no longer 
admissible as a general truth : ** That to the same degree of 
refrangibility ever belongs the same color, and to the same 
color ever belongs the same degree of refrangibility." 

With the view of obtaining a complete anuysis of the spec- 
trum, I have e;!camined the spectra produced by various boaie% 
and the changes which they undergo by absorption when 
viewed through various colored media, and I find that the 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action of particular media ; 
and from tliese observations, which it would be out of place 
here to detail, X conclude that the solar spectrum consists of 
three spectra of equal lengths, viz. a red spectrum, a yellow 
spectrum, and a blue spectrum. The primary red spectrum 
has its maximum of mtensity about me micMle of the red 
space in the solar spectrum, \h.% primary yellow spectrum has 
its maximum in the middle ot the yeUoiw space, and the 
primary blue spectrum has its maximum between the blue 
and the indigo space. The two minmia of each of the three 
primary spectra coincide at the two extremities of the solar 
epectruuL 

From this view of the constitution of the solar spectrum 
we may dr^w the following conclusions : — 

1. Ifedf yeUow, and blue light exist at every point of the 
solar spectrum. 

2. As a certain portion of red, yellow, and blue constitute 
white lighty the color of every point of the spectrum may be 
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oonndered as CGnsistiiig- of the predominating color at any 
point mixed with white light In the red space there is more 
red than is neceasELry to make white light with the small por- 
tions of yellow and hlue which exist there ; in the yellow 
flpace there is more yellow than is necessary to make white 
liffht with the red ana blue ; and in the part of the blue space 
i^ich appears violet there is more red than yellow, and 
hence the excess of red forms a violet with the blue. 

3. By absorbing the excess of any color at any point of the 
Bpectmm above what is necessary to form white li^ht, we 
may actually cause white light to appear at that pomt, and 
thu white light will possess the remarkable property of re- 
maining white after anv number of refractions, and of being 
decomposable only by absorption. Such a white light I have 
fiQcceeded in developing in different ports of the spectrum, 
l^ese views harmonize in a remarkable manner with the 
hypothesis of three colors, which has been adopted by many 
jnilosophers, and which others had rejected from its incom- 
patibility with the phenomena of the spectrum. 

The existence or three primary colors in the spectrum, and 
the mode in which they produce by their combinatkxi the 
seven secondary or compound colors which are developed by 
the prism, vnll be understood from ^. 51. where M N^is thie 
prismatic spectrum, consistuiff of three primary spectra of the 
same lengtns, M N, viz. a red, a yeUow, and a blue spectrum. 
Tl>e red spectrum has its maximum intensity at R; and this 
intensity may be represented by the distance of the point R, 
from MN. The intensity declmes rapidly to M and slowly 
toN, at both of which points it vanishes. The yeUow speo- 

Fig.SL 




trum has its maximmn intensity at Y, the intensity declining to 
zero at M and N ; and the hlue has its maximum intensity at 
B^ declining to nothing at M and N. The general curve 
which represents the total illumination at any point will be 
outside of these three curves, and its ordinate at any point 
will be equal to the sum of the three ordinates at the same 
point Thus the ordinate of the general curve at the yoiat Y 
will be equal to the ordinate ai Sie yellow curve, which we 
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may suppose to be 10, added to that of the red curve, whkh 
may be 2, and that of the blue, which may be 1. Hence the 
general ordinate will be 13. Now, if we suppose that 3 vuta 
of ydlow, 2 of red, and 1 of blue make white, we shall nave 
the color at Y equal to 3 + 2 + 1> ^u&l to 6 parts of white 
mixed with 7 parts of yellow ; that is, the o(Hnpound tint at 
Y will be a bright yeuow without any trace en red or blue. 
As these colors all occupy the same place in the Ggpectnun, 
they cannot be separated hj the prism ; and if we could find 
a colored glass wnich wouM absorb 7 parts of the yeUow, we 
should obtain at the point Y a white light which the prion 
Goulid not decompose.* 



CHAP. vm. 

ON THE DISPERSION OF UOETr. 

In the preceding observaticxiB, we have considered the priv* 
matic spectrum, K L, j^. 60., as produced bv a prism of glas 
having a given refracting angle, jB AC. The green ray, or 
g G, which, being midway between ^K and ^ L, is called 
the mean ray of the spectrum, has been re&acted ftom P to 
G, or through an an^e of deviation, P^ 6, which is called 
the mean refraction or deviation, product by the prism. If 
we now increase the anorle B A C of the pnsm, we shall in- 
crease the refraction. The mean ray ^ 6 will be refiracted 
to a greater distance from P, and the extreme rays ^ I^ ^ K, 
to a greater distance in the same prcnportion ; that is, ^ ^ G 
is redacted twice as much, g L and g K will also be refracted 
twice as much, and consequently the length of the spectrum 
E L will be twice as great For the same reason, if we 
diminish the angle B A C of the prism, the mean refraction 
and the spectrum will diminish in the same proportion ; but, 
whatever be the angle of the prism, the length K L wlQ al- 
ways bear the same proportion to G P, the mean refraction. 

Sir Isaac Newton supposed that prisms rmide of all sub- 
stances whatever, produced spectra bearing the same propor- 
tion to the mean refraction as prisms of ^ass ; and it is a re- 
markable circumstance, that a philosopher of such sajzacity 
should have overlooked a fact so palpable, as that di&rent 
bodies produced spectra whose lengths were dif^ent, when 
the mean refraction was the same. 

The prism B A C being supposed to be made of crown 

* 8ee Note III., by Am. ed., following tbe aatbor'a AppeMUz. 



CHAP. Vm. DISPERSION OF LIGHT. 71 

gUus^ let OS take another ^flifU glass or whUe crystal^ with 
sndi a refiracting angle that, when placed m the positioD 
BAG, the light enters and quits it at equal angles, and re- 
fiactB the mean ray to the same point G. The two prisms 
ought, therefore, to have the same mean refraction. But when 
we examine the i^iectrum produced \sf the fiint ^lass prism, 
we shall find that it extends beyond K and L,aiid is evidently 
knger than the spectrum produced by the crown glass prism. 
Hence fiinJt glass is said to have a greater dispersive power 
than crown ^ass, because at the same angle or mean refrac- 
tioo it separates llie extreme rays of the spectrum, ^ L, g- K, 
iartiier from the mean ray g G. 

In order to explain more clearly what is the real measure 
of the dispersive power of a body, let us suppose that in the 
crmon glass prism, BAG, the index of refraction for the ex- 
treme violet ray, ^ E, is l'5466r and that for the extreme red 
lay, g L, \'^£&S ; then the difference of these indices, or 
•0206, would be a measure of the dispemve power of crown 
dasB, if it and all other bodies had the same mean refraction : 
oat as this is far fiom being the case, the dispersive power 
most be measured by the relation « between *0206 and the 
mean refraction, or 1*5830, or to the excess of this above 
Qni^, viz., -5380, to which the mean refraction is always pro- 
portHMDoL For the purpose of making this clearer, let it be 
required to compare the dispersive powers of diamond and 
eramn glass. The index of refraction of diamond for the ex- 
treoM wiolet ray is 2^467, and for the extreme red^ 2*411, and 
ftKS diflference of these is -0560, nearly three times as gr^ as 
0206^ the same difference for crown glass; but then the dif- 
ference between the sines of incidence and refraction, or the 
excess of the index of refraction above unity, or 1*480, is also 
about three times as great as the same difference in crown 
dasB^ viz-t -SSSO ; and, oxiseqoently, the dispersive power of 
diamond is very little greater than that of crown glasa The 
two dii^iendve powers are as follows : — 



Crown Glaas . . . :§fJJ = 0-0396 
Diamond .... j^lrJ = 0-0388 

This atmibritjr of dispersive power might be proved experi- 
mentally, by taking a prism of diamcxid, which, when placed 
at B A U ^fig' ^'1 produced the same mean refraction as the 
green ray g G. It would then be seen that tiie spectrum 
which it i)roduced was of the same length as that produced 
by the prism of crown glass. Hence the splendid colors 
which distingiiiwh diamond from every other precious stone 
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■re not owin^ to its high dispersive power, but to its grett 
mean refraction. 

As the indices of refraction pven in oar table of refractive 
powers are nearly suited to tne mean ray of the spectnun, 
we may, by the second column of the Table of the Dispersive 
Powers of Bodies, given in the Appendix, Na I., obtain the 
approximate indices of refraction finr the extreme red and the 
extreme violet rays, by adding half of the number in the col- 
umn to the mean index oi refraction for the index of refrac- 
tion of the violet, and subtracting half of the same number 
for the index of the red ray. The measures ui the table are 
given for the ordinary light of day. When the sun's light is 
used, and when the eye is screened from the middle rays of 
the spectrum, the red and violet may be traced to a much 
greater distance from the mean ray of the spectrum. 

When the index of refraction for the extreme ray is thus 
known, we may determine the position and lengui of the 
spectra produced by prisms of dirorent substances, whatever 
be their refracting angle, whatever be the positions of the 
prism, and whatever be the distance of the screen on which 
the spectrum is received. 

If we take a prism of crown glass, and another of flint 
glass, with such refracting angles that they produce a speD* 
trum of precisely the same length, it will be found, that when 
the two prisms are placed tpgeuer with their refracting angles 
in opposite directions, they will not restore the refracted pcmcii 
to the state of white light, as happens in the combination of 
two equal prisms of crown or two equal prisms of flint ghua 
The white light P,^.50., will be tinffed on one side w^ 
purplcj and on the other with green light This is called the 
secondary spectrum^ and the colors secondary colors ; and it 
is manifest that they must arise from the ool(»ed spaces in the 
spectrum of crown glass not being equal to those in the vgeo 
trum of flint glass. 

In order to render this curious property of the spectrmn 
very obvious to the eye, let two spectra of equal length be 
formed by two hollow prisms, one containing oU of cassia^ 
and the other sulphuric add. The oil of cassia q[)ectrum will 
resemble A B,^^. 52., and the sulphuric acid spectrum C D. 
In the firmer, the red, orange, and yellow spaces are less than 
in the latter, while the Uue, indigo, and violet spaces kre 
greater ; the least refrangible rays hems, as it werle, coAtred- 
ed m the former and expanded m the latter, while the fnoti 
refrangible rays are expanded in the one and contracted in the 
other. In consequence of this dif^ence in the colored spaces^ 
the middle or mean ray m n does not pass through the same 
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oolor in boUi epectm. In the oU of coMta ipectnim it is in 
Ibe N«e epaee, and in the sulphuric acid apectrum it ia in the 




grtem qwce. Ah the colored spaces have not the auns n)ao 
to ooe another as the lengths of the spectra which thej com- 
poae, thia property Iibb beea called the itTatumality of diaper- 
iHM, or of the colored spaces in the spectrum. 

In order to etecertain wliether any prism contracls or ex- 
pands the least refrangible mya more than another, or which 
c£ them acta moat on green light, take a pnam , of each with 



I^ through the prisms placed with their retracting' angles IL 
oppoaite oirecUons, we took at the bar of the window parallel 
to the boae of the priam, we tJiiilI see its edges perfectly tree 
fram cdor, provided the two prisnis act equally upon green light 
But if tbej act diSerently on green light, the oar will have a 
fiinge cf parple on one aide, and a fringe of green on the 
other; and the green Sioge will always be on the same side 
if the bar as the vertex ta the priam which contracts the yel- 
low apace and ezpanda the blue and violet ones. That is^ if 
the prisma are flint and crown glass, the uncorrected green 
hinge will be on the lower side of the bar when the vertex of 
tbellint^BSB prism pomtadownwarda. Flint glam, there&re, 
I ' - ■■ „ npon green light than crown glassy and con- 



^pndtx, 



in s gre&ter degree the red and yellow spaces. See 
>dtx,N<kn. 
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CHAP. DC. 

ON THE FKINCIFLB OF AOHROMATIO TEUDKXnnBIL 

In treating of the proffress <£ rays through lensefl^ it ww 
taken for granted that the light was hoinogeneoas, and that 
every ray that had the same angie of incidence had also the 
same angle of refraction ; or, what is the same thing, tiiat 
every ray which fell upon the lens had the same index of re- 
fraction. The observations in the two preceding cfaajiters 
have, however, proved that this is not true, and tmit» ia the 
case of light falling upon crown glass, there are rays with 
every possible index of refraction from 1*5258, the index of 
refraction for the red, to 1-5466, the index (^refraction fer the 
vidct rays. As the liffht of the sun, by which all the bodies 
of nature are renderea visible, is white, this property (^ light, 
viz. the different refranffilnlity of its parts, arocts greatly the 
fermation of images by lenses of all kinds. 

In order to explain this, let L L be a convex lens of crown 
glass, and R L, R L rays c^ white light incident npoo it p■^• 

Fif.sa. 




allel to its axis R r. As each ray R L of white light coosistB 
of seven differentl;^ colored rays having different degrees of 
refrangibility or different indices of refraction, it is eiddent 
that all the rays which compose R L cannot possibly be re- 
fracted in the same direction, so as to fall upon ooe pcHut The 
extreme red rays, for example, in R L, R L, whose index of 
refiraction is 1-5258, if traced through the lens hy the method 
formerly given, will be found to have their focus in r, and C r 
will be the focal length of the lens fi>r red rays. In like 
manner the extreme inolet ravs, which have a greater index 
of refraction, or 1*5466, will be refracted to a fix:us v moch 
nearer the lens, and C v will be the focal length of the lens 
for violet mys. The distance v r is called the diromatic abep> 
ration, and the circle whose diameter is a 6 passing throo^ 
the focuB of the mean refrangible rays at o, is called the diele 
of least aberration. 
These effects may be shown experimentally by exposing the 
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ieas L L tx> the parallel rays of the sun. If we receive the 
imaffe of the son on a piece of paper placed between o and C, 
^eiuminous circle on the paper will have a red border, be- 
cause it is a section of the cone L a 6 L, the exterior rays of 
whidi L a, L 6 are red ; but if the paper is placed at any 
greater distance than o, the lurainoos circle on the paper will 
have a violet border, because it is a section of the cone I ahl\ 
the exterior rays of which al,bl' are violet, being a contih- 
oation of the violet rays L v, L v. As the spherical aberration 
of the lens is h^^ combined with its chromatic aberration, 
the undisguised efiect of the latter will be better seen by 
taking a lai^e convex lens L L, and covering up all the cen- 
tral part, leaving only a small rim round its circumference at 
L L, through which the rays of light may pass. The refrac- 
tion of the diflferently colored rays will be then finely dis- 
played by viewing the image of the sun on the difierent sides 
of «&. 

It is clear from these observations that the lens will form a 
violet image of the sun at v, a red image at r, and images of 
the other ecdors in the spectrum at intermediate points be- 
tween r and v; so that if we place the eye behind these 
images, we shall see a oonfiisea image, possessing axme of 
that sharpness and distinctness which it would have had if 
fermed only by one kind of rays. 

The same observations are true of the refiraction of white 
liflfat by a concave lens; only in this case the parallel rays 
wuch such a lens refracts diverge, as if they proceeded from 
separate feci, v and r, in front of the lens. 

If we now idaee behind L L a concave lens G G of the 
ttme glass, and having ite sur&ces ground to the same cur- 
vature, it is obvious iSat since v is its virtual focus for violet, 
and r its virtual focus for red rays, if the paper is held at a 6, 
die fbcta of the mean refran^ble rays, where the wiolet and 
red rays cross at a and &, the miage will be more distinct than 
in any other position ; and when rays converge to the focus of 
any eoneave lens, tiiey will be refracted into parallel direc- 
tioos; that is, the eoneave lens will refract these converging 
rays into the parallel lines G J!, G 2, and they will again rorm 
woite lig^t That the red and violet rays will be thus re- 
onited in one, viz. G 2, may be proved by projecting them ; but 
it is obvious also from the consideration that the two lenses 
L I^ G G actually form a piece of parallel glass, the outer 
concave surfiice of G G being parallel to the outer convex sur- 
face dT L L. 

(670 ^^ though we have thus corrected the color produced 
by L U by means of the lens G G, we have done this by a 
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lueleflB combixuttion ; amce the two togetlier act only like a 

Eiece of plane ghfls, and are incapable of fbnninff an imaga 
r we make the concave lens G G, however, of a longer fecntf 
than L L, the two together will act as a convex lena^ and will 
form images behind it, as the rays G 2, G 2 will now c o n ve rge 
to a focus behind L L. But as toe chnnnatic abenatioa of lEe 
lens G G will now be less than that of L L, the one'will not 
correct or compensate the other ; so that the difieience be- 
tween the two aberrations will still remam. Hence it is im- 
possiUe, by means of tu>o lenses of the same giass, to ftnn 
an image which shall be free from color. 

As Sir Isaac Newton believed that all substances \i4iatever 
produced the same quantity of color, or had the same chro- 
matic aberration when formed into lenses, he concluded that 
it was impossible, by the combination of a concave with a con- 
vex glass, to produce refracticm without color. But we Inve 
alref^y seen that the premises from which this conclusion was 
drawn ate incorrect, uid that bodies have different dispersive 
powers, or produce different degrees of color at the same mean 
refraction. Hence it follows that diflEerent lenses may inrodoce 
the same degree of color when they have difierent focal 
lengths ; so tiut if the lens L L is made of croion glass^ whose 
index of refraction is 1*519, and dispersive power 0036, and 
the lens G G of flint glass, whose index of refractkm is 1-569, 
and dispersive power 0-0893, and if the focal len^^th of the 
convex crown-glass lens is made 4} inches, and tfiat of the 
concave flint-gkss lens 7| inches, they will form a lens vidth a 
focal length of 10 inches, and will refract white light to a 
single focus free of color. Such a lens is called an achro- 
matic lens ; and when used as a telescope, with another glass 
to magnify the colorless image which it forms of distant ob- 
jects, it constitutes the achromatic telescope, one of the 
greatest inventions of the last century. Although Newtott» 
reasoninfif from his imperfect knowledge of the dispersive 
power of bodies, pronounced such an invention to be hopeless; 
yet, in a short time afler the death of that great philosopher, 
It was accomplished by a Mr. Hall, and afterwards by Mr. 
Dollond, who brought it to a high degree of perfection. 

The image formed by an achromatic lens thus ccnstmcted 
would have been perfect if the equal spectra formed by the 
crown and flint glass were in every respect similar : but as 
we have seen that the colored spaces in the one are not eqnal 
to the colored spaces in the other, a secondary spectrum is 
left ; and therefore the images of all luminous objects, when 
seen through such a lens, will be bordered on one side with a. 
purple fringe, and on the other with a green fringe. If tWb 
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■nlMuices could be feund of dif^ent refractive and diipenive 
poweifl^ and capaUe of prodacinff eqaal spectre, in wluch the 
ixdored i^paeee were equal, a perfect achitnnatic lens would be 
produced : but, as no sach substances have yet been found, 
]diiloBopherB have endeavored to remove the imperfectkn by 
other means; and Doctor Blair had the merit of surmoontinf 
the difficulty. He found that muriatic acid had the property 
of producing a primary spectrum, in which the green rays 
were among the most refiaagihle, something like C V^Jig. 52., 
as in crown glass. But as muriatic acid has too low a refrac- 
tive and dispersive power to fit it for being used as a concave 
lens along with a convex one of crown ^lass, he therefore 
conceived the idea c^ increasing the refractive and dispersive 
powers of the muriatic acid, by mixing it with metallic solu- 
tions^ such as muriate of antimony ; and he found he could do 
dus to the requisite extent without altering its law of disper- 
aioD, or the proporticm of the colored spaces in its spectnun. 
By indosing, therefore, muriate of antunony, L L, between 
two convex lenses of crown fflass, as A B, C D in fig. 54., 
Doctor Blair succeeded in re&acting parallel rays RA, RB 




to a sinffle focus F, without the least trace of secondary 
eolor. Sefore he discovered this property of the muriatic 
uad, he had contrived another, though a more complicated 
eomlrination, for producing the same ef^t; but as he prefer- 
red the combination which we have described, and employed 
k in the best aplanatic object-glasses which he constructed, it 
ii unnecessary to dwell any longer upon the subject 

In these observations, we have supposed that the lenses 
iriiich are combined have no spherical aberration ; but though 
tfaia m not the case, the combination of concave with convex 
mftces^ when properly adjusted, enables us completely to 
correct the spherical along with the chromatic aberration of 



ki the coarse of an examination of the secondary spectra 
peodoced by different combinations, I was led to the conclu- 
■OB that there may be refraction without color, by means of 
two [ffisms, and that two lenses may converge white light tm 

G2 
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one ibcua, ertn though the priand and the lenteB are made «C 
the BBme kind of gliuB. Whenone pnamofadiflforenAanigle 
ifl thus made to correct the dispersion of another prism, a imr' 
tiarv ipeetrum is produced, which depends wholly qd tbe 
angles at which the light is rei^racted at the two sui&oes of 
tibe prisms. See Treatise on New Pkikmophicdl £uifn»- 
maUf, p. 400. 



CHAP. X. 

ON THB FHT8ICAL FROPXRTIB8 OF THX HPBOMHilL 

(68.) In the preceding chapter we have C(xisideied only 
those general prq[>ertie8 of the solar spectrum on which tl»e 
construction of achromatic lenses depend& We dbttll now 
proceed to take a general view of all its physical propertiea 

On the Existence of Fixed Lines in the Spedruim, 

In the year 180S, Dr. Wollaston announced that in the 
spectnim rormed by a fine prism of flint glass, free from veins^ 
when the luminous object was a slit, the twentieth of an inch 
wide, and viewed at the distance of 10 or 12 feet, there w»e 
two fixed dark lines, one in the green and the other in the 
blue space. This discovery did not excite any attention, and 
wait m^t tlillowed out by its ingenious author. 

WitlhHit a knowledge of Dr. Wollaston*s observation, the 
kte celebrated M. Fraunhofer, of Munich, by viewing throoflfa 
a teloM^ope tlie spectrum fermed from a narrow line of aotar 
liglit b)* the finest prisms of flint glass, discovered that the 
mirfiiee't^ the spectnim was cro^«d throughout its v^bole 
W^ng^h b>* dark linos of diflorent breadths. None of these lines 
coinoiilo'wiih the boundaries of the cokued spaoesL They are 
iKvirly (%H) in number : tlio hursest of them subtends an angle 
ef A\W) «\' h> 10 '. FVm their distinctness, and die &d^ 
with which thov mav be ^xind, seven of diese lines, via. 
a t\ IX K. F, 0\ a iMvo been particukrlv distingniahed fay 
M« FraunhiMftT. iV thne B lies in the retf flpaoe, near ill 
Mil^r «mid; 1\ which is KnMd and black, is berond the middle 
«4' tht> rW ; U idi in tht« <v«5ijftr« and is a strong double Hne^ 
««Mly iMH!H\ Iho i^v liiw« Nmi^ Mttrir of the same size, and 
w»)Mfa^M by a bri|^l one; £ is in the jfwnt. and ccnBataiof 
H»ViM«l% Iho midaie ^ale beinjr the atronrat: F is in the Ume^ 
and i« a \>Ky stnM^ line: G t» in Ifae aidiur% and H in the 




i^nce, and half-mj between A and B ie a groap of seven or 
oglit, ibrming together a dark fcood. Between B and C there 
■leQlinee; betireeB C andD there are 90; between Dand 
G there are 84 of different sizes. Between E and 6 there are 
24, at 6 there are three Teir Btiong linee^ with a fine clear 
space between the two widest ; between b and F there are 
m ; between F and G 186 ; and between G and H 190, 
many bemg accumalated at G. 

These lines aie seen with equal distinctness in spectra pro- 
daced by all solid and f uid bodies, and, whatever be the 
lengths of the spectra and the proportion of their colored 
^ the lines preserve the same relative position to the 



Ibnal distaocea varj with the nature of (he prism bj 
they are produced. Their number, however, their order, and 
their intensity are absolutely invariable, provided light comin? 
either direcdy* or indirectly irom the sun be employed. 
Kmilar bands are perceived m the light of the fianeU and 
Joed ttan, of colored ^flames, and of the electric ipark. The 
^•ectra from the li^ht of Mart and from that of Vemu con- 
tun the lines D, E, b, and F in the eeme pcsitions as in min- 
ligfat In the spectmm liom the tight of Siriiu, no fixed 
lines conid be perceived in the orange and yellow spaces; bat 
in the green there was a very Strang streak, and two other 
raj stnxig ones in the Mtie. They had no resemblance, 
however, to any of the lines- in plaiietary light The star 
Castor gives a spectrum ejtacCly like that of Sirivt, the 
streak in the grten being in the verv same place. The 
Mceaks were also seen in the blue, but Freunhofer could not 
■Kertain their place. In the E^ctrum of PoUux there were 
nUy weak but fixed lines, which looked like those in VenD& 
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It had tlie line D, for example, in the very mme place aa hi 
the light of the {danets. In the spectram c^ VdpdUt the 
lines D and h are seen as in the sun's li^t The spectmm 
of Betalgeus contains numerous fixed Imes sharply defined, 
and those at D and b are precisely in the same places as in 
8un-]ight It resembles the spectrum of Venus. In the spec- 
trum of Procyan Fraunhofer saw the line D in the orange ; 
but though he observed other lines, yet he could not deter- 
mine theur place with any degree of accuracy. In the apeo* 
trum of electric light there is a great number of bright lme& 
The spectrum from the light of a lamp contains none of the 
dark fixed lines seen in the spectrum firom sun-light; but 
there is ii) the orange a bright line which is more distinct 
than the rest of the spectrum. It is a double line, and oo« 
curs at the same place where D is found in the solar spec- 
trum. The spectrum from the light of a flame maintained by 
the blowpipe contains several distinct bright lines.* 

(69.) One of the most important practical results of the 
discovery of these fixed lines in the solar spectrum is, that 
they enable us to take the most accurate measures of the 
refractive and dispersive powers of bodies, by measuring 
the distances of ihe lines B, C, D, &c. Fraunhofer com- 
puted the table of the indices of refraction of different sub- 
stances, given in the Appendix, Na m. From the numbers 
in the table here referred to we may compute the ratioB of 
the dispersive powers of any two of the substances, by the 
method already explained in a preceding chapter. 

On ike Illuminating Power of the Spectrum. 

(70.) Before the time of M. Fraunhofer, the illuminating 
power of the different parts of the spectrum had' been given 
only from a rude estimate. By means of a photometer he olh 
tamed the following results : — 

The place of maximum illumination he found to be at M, 
fig. 55., so situated that D M was about one third or die 
fourth of D£ ; and therefore this place is at the boundary of 
Ihe orange and yellow. Calling the illuminating power at "ii, 
where it is a maximum, 100, then the light of other pointi 
will be as follows :— ^ 

Liirht at the red extremity - O'O 

C 9-4 

D 64-0 

Maximmn Ught at M . 100*0 
UghtatE 48-0 



Light at F ... - 17*00 

G - . . . 3-10 

H .... 0*56 

the violet ex- 



tremity 



I OOO 



♦ See T%e EtHnburgk Journal qf Science, No. XV. p. 7. 
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Calliog the intensity of the light in the brifihtest s^Bioe D E 
100, Fraunhofer found the light to have the fdlowing intensity 
in the othet spaces : — 

Intcnrntyof ligfatinBC . 21 

CD 29-9 

DE 100-0 



Intensity of light mEF 32-8 

FG 18-5 

GH 3-5 



From these results it follows that, in the spectrum exam- 
ined hj Fraunhofer, the most luminous ray is nearer the red 
than the violet extremity in the proportion of 1 to 3*5, and 
that the mean ray is almost in the middle of the blue space. 
As a great part, however, of the violet extremity of the spec- 
tram is not seen under ordinary circumstances, these results 
cannot be applied to spectra produced under such circum- 
stances. 

On (he Heating Power of the Spectrum. 

(71.) It had always been supposed bv philosophers that the 
heating power in me spectrum would be proportional to the 
ooantity of light; and Landriani, Rochon, and Sennebier, 
imnd tne yellow to be the warmest of the colored spacea Dr. 
Herschel, however, prov^ by a series of experiments that the 
heating power giaaually increased frcxn the violet to the red 
extremity of the spectrum. He found also that the thenncnne- 
ter ecmtinned to rise when placed beyond the red end of the 
^;)ectnim^ where not a single ray of light could be perceived. 

Hence he drew the important conclusion, that there were 
hmnlde rays in the light of the sun, which had the power of 
froducing heat, and which had a less decree of rrfran^Hnl- 
ttg than red light. Dr. Herschel was desux>us df ascertaming 
ue refhuigiluuty of the extreme invisible ray which possessed 
&e power of heating, but he found this to be impracticable ; 
lod he satisfied himiself with determining that, at a point 1^ 
inches distant from the extreme red ray, the invisible rays ex- 
erted a considerable heating power, even though the ther- 
mometer was placed at the distance of 52 inches from the 
prism. 

These results were confirmed by Su: Henry Englefield, who 
obtained the following measures :-*- 

Tmmpatitm. 

Blue 560 

Green 58 

Yellow .... 62 



Red .... 72° 
Beyond red . . 79 



When the thermometer was returned firom beyond the red 
into the red, it fell again to 72°. 
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M. Berard obtained analogous measures ; bat he foaoA fhti 
tiie nuudmum c^ heat was at the very extremity of the ni 
rays when the bulb of the thermometer was comidetely oof^ 
ered by them, and that beyond the red space the heat wii 
only one fifth above that of the ambient air. 

Sir Humphry Davy ascribed Berard's results to his wang 
thermometers with curcular bulbs, and of too large a size; and 
he therefore repeated the experiments in Italy (md at Genera, 
with very slender thermometers, not more than <me twelfth of 
an inch m diameter, with very long bulbs filled with air coik 
fined by a colored fluid. The result of these experiments was 
a confirmation of those of Dr. Herschel.* 

M. Seebeck, who has more recently studied this subject, has 
shown that the place of maximum heat in the spectrum varies 
with the substance of which the prism is made. The follow- 
ing are his results : — 

SntatuMdrtlMPrtaB. Oetoed ■•« la nUck tba kMlto 



Water Yellow. 

Alcohol YeUow. 

Oil of turpentine Yellow. 

Sulphuric acid concentrated . . Orange. 

Solution of sal-ammoniac . . . Orange. 

Solution of corrosive sublimate . Orange. 

Grown glass Midue of the red. 

Plate glass Middle of the red. 

Flint glass Beyond the red. 

The observations on alcohol and oil of turpentine were 
made by M. Wunsch.t 

On the Chemical Influence of the Spectrum, 

(72.) It was long a^ noticed by the celebrated Scheele^ 
that muriate of silver is rendered much blacker by the violet 
than by any of the other rays of the spectrum. In 1801, M. 
Bitter of Jena, while repeating the e:q)eriments of Dr. Her- 
schel, found that the muriate of silver became very teon blaci 
beyond the violet extremity oi the spectrum. It became a 
hme less blackened in the violet itself, still less in the Mue, 
the blackening growing less and less towards the red ex- 
tremity. When muriate of silver a little blackened was used, 
its color was partly restored when placed in the red space, and 
still more in the ^)ace of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

* See Edinburgh Eneyelopadia, vol. z. p. 69., where they were flnt pok* 
Uibed, as commanicated to me by Sir Humirfiry. / 

t For the recent observatione of Signor Melloni, see Note IV. of Am. ei. 
which fidlowB author*! Appendix. 
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it the flolar epectanmi, one on the red side which fiivora oz^- 
fgaatioDf and the other on the violet side which &vors di»- 
amoiatiQiL M. Ritter also found that phosphorus emitted 
iraite i^unes in the inyisihle red ; while in the invisihle Yiolety 
pborahoras in a state of oxygenation was instantly eztin- 
loished. 

In repeating the experiments with muriate of silver, M. 
Sedieck found that its cdor varied, with the colored space in 
vfaidi it was held. In and beyond the violet, it was reddish 
kwen ; in the Uuey it was blue or bluish grey ; in the yeOoio, 
it was white, either unchanged or fiuntly tinged with yeUow ; 
md in and beyond the red it was red. In prisms of flint glassy 
the muriate was decidedly colored beyoKid the limits of the 
ipectrum. 

Without knowing what had been done by Ritter, Dr. Wol- 
laston obtained the very same results respecting the action of 
Ticdet light on muriate of silver. In continum^ his experi- 
ments, he discovered some new chemical effects of light upon 
gvan guaiacum. Having^ dissolved some of this gum in aleo- 
ool, and washed a card with the tincture, he expired it in the 
di^rent colored spaces of the spectrum without observing 
any change of color. He then took a lens 7 inches in diame- 
ter, and living covered the central part of it so as to leave 
coly a ring of one tenth of an inch at its circumference, he 
could collect the rays of any color in a focus, the fecal dis- 
tance beinff about 24^ inches for yellow light The card 
washed wiu guaiacum was then cut in sma& pieces, which 
were placed in the different rays concentrated by the lena In 
the violet and blue rays it acquired a green color. In the 
fellow no ef^t was produced. In the red rays, pieces of the 
card already made green lost their green color, and were re- 
gtored to their original hue. The guaiacum card, when placed 
m carbonic acid gas, could not be rendered green at any dis- 
tuice from the lens, but was speedily restor^ from green to 
vellow by the red rays. Dr. Wolliuston also found that the 
back of a heated silver spoon removed the green color as ef> 
fectnally as the red rays. 

On the Magnetizing Power of the Solar Rays. 

C73L) Dr. Morichini, more than twenty years ago, announced 
thait the violet rays of the solar spectrum had the power of 
magnetizing smau steel needles that were entirely ^ee from 
magnetism. This efiect was produced by collecting the violet 
rays in the focus of a convex lens, and carrying uie focus of 
these rays firom the middle of one half of the needle to the 
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extremities of that half, without touching the other hal£ 
When this operation had heen performed for an hour, the 
ne^e had acquired perfect polariUr. MM. Carpa and Ridolfi 
repeated this experiment with perfect success ^ and Dr. Mori- 
chmi magnetized several needles in the presence of Sur H. 
Davy, Professor Playikir, and other English philosophers. M. 
Berard at Montpelier, M. Dhomhre Firmas at Alais, and pro- 
fessor Configliachi at Pavia, having fidled in producing the 
same effects, a doubt was thus cast over the accuracy cf pre- 
ceding researches. 

A few years ago. Dr. Morichini's experiment was restored 
to credit by some ingenious experiments by Mrs. Somerville. 
Having covered with paper half of a sewing needle, about an 
inch long, and devoid of magnetism, and exposed the other* 
half uncovered to the violet rays, the needle acquired mag- 
netism in about two hours, the exposed end exhibiting noroi 
polarity. The indigo rays produced nearly the same efiect, 
and the blue and green produced it in a less degree. When 
the needle was ex^^sed to the yellow, oran^, r^ or calorific 
rays beyond the red, it did not receive the lightest magetism, 
although the exposures lasted for three days. Pieces en clock 
and watch springs gave similar results ; and when the violet 
ray was concentrated with a lens, the needles, &c., were 
magnetized in a shorter time. The same effects were pro- 
duced by exposing the needles half covered with paper to the 
sun's rays transmitted through glass colored blue with cobalt 
Green ^lass produced the same effect. The light of the sun 
transmitted through blue and green riband produced the same 
effect as through colored glas& When the needles thus cov- 
ered had hung a day in the sun's rays behind a pane of glasa^ 
their exposed ends were north poles, as formerly. 

In repeating Mrs. Somerville's experiments, M. Baumgarfr* 
ner of Vienna discovered that a steel wire, some parts of 
which were polished, while the rest were without lustre, )»• 
came magnetic b^ exposure to the white light of the sun ; a 
north pole appearmg at each polished part, and a south pole at 
each unpolished put. The effect was hastened by concen* 
tratinff the solar rays upon the steel wire. In this way he ob- 
tained 8 poles on a wire eight inches long. He was not able 
to magnetize needles perfectly oxidated, or perfectly polished, 
or having polished lines in the direction of their lengths. 

About the same time, Mr. Christie of Woolwich found that 
when a magnetized needle, or a needle of copper or glass, vi- 
brated by the force of torsion in the white light of the son, 
the arch of vibration was more rapidly diminished in the sun's 
light than in the shade. The effect was greatest on the mag- 
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BBtted neodle. Hcnee he condiides that the oompomid aoltf 
im poHm a vaj wenatie migiietic mfluenoe. 

TVeae vendls Inre reoeired a veiy remarkable cca ifir uiation 
DQBi ilie cspefmeniB at jl. jsuiooci ana M. zanteaescoL 
P i ufca a u i Ibiiocd fimid that an armed natural loadstone, 
iriuch oaald cazir 1} Rooan poonds, had its power nearly 
ioMed hy twentj-Aor hoars' exposure to the strong light o? 
the son. M. Zaiibedeschi foond that an artificial horse-shoe 
hMhtone, which carried 13^ ok., carried B| more by three 
dtjaT ezpoBore, and at last sni^KHted 31 ox., by continuing it 
in the son's lisfat. He ibcmd, that while tfa« strength in- 
creased m oxnted magnets, it diminidied in those which 
were not nridaffid, the dimination becoming insensible when 
the Ifladstaone was highly polished. He now concentrated the 
adar rays npon the loadstone by means of a lens ; and he 
iboDd tfad, both in oxidated and polished magnets, they ac- 
quire strength when their north pole is exposed to the sun*s 
njs, and &e strength when the sooth pole is exposed. He 
fouDd likewise that the augmentation m the firet case ex- 
ceeded the diminntirai in £e second. M. Zantedeschi re- 
peated the experiments of Mr. Christie on needles vibrating 
m the son*s light ; and he fomid that, by exposing the north 
pole c€ a nerale a foot long, the semi-amplitude of the last 
oscillation was 6° less than the first ; while, by exposing the 
sooth pde, the last oscillation became greater than the first 
M. Zantedeschi admits that he often encountered inexplicable 
anomalies in these experiments.* 

Decisive as these results seem to be in favor of the mag- 
netizing power both of violet and white light, yet a series of 
apparently very well conducted experiments have been lately 
published by MM. Riess and Moser,t which cast a doubt over 
the researches of preceding philosophers. In these experi- 
ments, they examined the number of oscillations performed in 
a ?iven time before and after the needle was submitted to the 
influence of the violet rays. A focus of violet liffht concen- 
trated by a lens 1*2 inches in diameter, and 2*3 indies in focal 
length, was mode to traverse one half of the needle 200 
times ; and though this experiment was repeated with differ- 
ent needles, at difierent seasons of the year, and dif!erent 
hours of the day, yet the duration of a given number of oscil- 
lations was almost exactly the same after as before the cxperi- 
meat Their attempts to verify the results of Baumgartner 

were equally fruitless ; and they therefore consider themselves 

— 

* Edinburgh Journal of SeUnee, New SeriM, No. V., p. 76. 
tU. No. IV., p. 225. 

H 
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as entitled to reject totally a discovery, tohich for seventeen 
years has at different times disturbed science, ^ The Booall 
variations," they observe, '^ which are found in some of our 
experiments, cannot constitute a real action of the nature of 
that which was observed by MM. Morichini, Baumgartiier, 
&C., in so clear and decided a manner.*' 



CHAP. XL 

J 

ON THE INFLEXION OR DIFFRACTION OF UOBT. 

(74.) Having thus described the changes which li^t expe- 
riences when refracted by the surfaces of transparent bodies^ 
and the properties which it exhibits when thys decomposed 
into its elements, we shall now proceed to consider the phe- 
nomena which it presents when passing near the edges cf 
bodies. This branch of optics is called the inflexion or the 
diffraction of light 

This curious property of light was first described by Gri- 
maldi in 1665, and afterwards by Newton ; but it is to the late 
M. Fresnel that we are indebted for a most successful and able 
investigation of the phenomena. 

In order to observe the action of bodies upon the light 
which passes near them, let a lens L L, of venr short focus, 
fig, 56., be fixed in the window-shutter, M N, of a dark room; 




and let R L L be a beam of the sun^s light, transmitted through 
the lens. This light will be collected into a focus at F, from 
which it will diverge in lines F C, F D, forming a circular 
image of light on the opposite wall. If a small hole, about 
the fortieth of an inch in diameter, had been fixed in the win- 
dow-shutter in place of the lens, nearly the same divergent 
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betm of light would have been obtained. The shadows of all 
bodies whatever held in this light will be found to be sur- 
rounded with three fringes of the following colors, reckoning 
bom the shadow : — 

First frin/fe. — ^Violet, indigo, pale blue, green, ydlow, red. 

Second frtnge, — ^Blue, yellow, red. 

Third fringe, — ^Pale blue, pale yellow, pale red. 

In order to examine these fringes, we may either receire 
them on a smooth white surface as Newton did, or adopt the 
method of Fresnel, who looked at them with a magnifying 
glass, in the same manner as if they had been an image 
formed by a lens. This last tnethod is decidedly the best, as 
it enables the observer to measure the fringes, and ascertain 
die changes which they undergo under different circum- 
stances. 

Let a body B be now placed at the distance B F from the 
focos, and let its shadow be received on the screen C D, at a 
fixed distance from the body B, and the following phenomena 
win be observed : — 

L Whatever be the nature of the body B with regard to its 
density or refractive power, whether it is platina or the pith 
of a rush, whether it is tabasheer or chromate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitime and in color, and the colors will be those given above. 

2. If the light R L is homogeneous light of the different 
ookro in the spectrum, the fringes will te of the same color 
as the li^ht RL; and they wul be broadest in red light, 
flmallest m violet, and of intermediate sizes in the interme- 
diate colors. 

3. The body B continuing fixed, let us either brinff the 
screen CD nearer to B, or bring the lens with which we 
view the fr'in^es nearer to B, so as to see them at different 
distances behmd R It will be found that they grow less and 
leas as they approach the edge of B, from wMch they take 
their rise. But if we measure the distances of any one fringe 
from the shadow at different distances behind B, we shall find 
that the line joining the same point of the fringe is not a 
straight line, but a hjrperbola whose vertex is at me edge of 
the hxly ; so that the same fringe is not formed by the same 
light at all distances from the body, but resembles a caustic 
carve formed by the intersection of different rays. This cu- 
rious &ct we have endeavored to represent in the figure by 
tl^ hyperbolic curves joining the edge of the body B and the 
fringes which are shown by dotted lines. 

4. Hitherto we have supposed that B has been held at the 
sune distance from F ; but let it now be brought to b, much 
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neater F, and let the iscreen C D be brought to c i{, so ibtA 
bg IB equal B6. In this new position, where nothing him 
been changed but the distance from F, the fringes will be 
found greatly increased in breadth, their relative distancee 
&€m each other and from the margin of the ehadow remain- 
ing the same. The influence of distance from the radiant 
pomt F on the size of the fringes, or on the quantity of 
mflexion, is shown in the foUowmg results obtained by M. 
Fresnel : — 



FB 



DiataDoe of tha iaflecting 
bodjr B behind tk« m- 
<imt point F. 



4 inchea 
20 feet 



DUUnce BO nbg behind the 
body B or ft, when tha IB' 
flexion waa meaannsd. 



39 inches. 
39 



AJigilv inflaxlM <tf tka a 
or tha am bii^a. 



12' 6" 
3 55 



When we consider that the fringes are largest in red, and 
smallest in violet li^t, it is easy to understand the cause 
of their colors in white light ; for the colors seen in this eaad 
arise from the superposition of fringes of all the seven coions} 
that is, if the eye could receive all the seven diflferently cda^ 
ed fringes at once, these colors would fortn by their miztlire 
tiie actual colors in the fringes seen by white light Hence 
we see why the color of we first fringe is violet near tlie 
shadow, and red at a greater distance ; and why the blendin|f 
of the colors beyond the third fringe forms white light, in* 
stead of exhibiting themselves in separate tint& 

Upon measuring the proportional breadths of the fringOl 
with great care, Newton found that they were as the num- 
bers 1, ^j, ^^, \/4) ^^^ ^^^ interval in tiie same pn^ 
portion. 

Besides the external fringes which surround aU bodies^ 
Grimaldi discovered within tSe shadows of long and narrow 
bodies a number of parallel streaks or fringes alternately li^^t 
and dark. Their number grew smaller as the body tapered; 
and Dr. Young remarked that the central line was always 
white, so that there must always be an odd number of white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect* 
angular, what are called the crested fringes of Grimaldi are 
pr^uced* 

The phenomena exhibited by substituting apjertures of 
various rorms in place of the bodv B are very interesting. 
When the aperture is circular, such as that formed in a piece 
of lead with a small pin, and when a lens is placed behmd it 
00 as to view the shadow at dif^rent distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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ud dikte, and-^ change their tints in the Dwat beftulifiil tun- 
ner. When the aperture ie one thirtieth of an inch, its dia- 
tuee F B fiom the luminous point 6 feet 6 inches, and its 
diMance from the focus of the eye-lens, or B G, 24 inches, 
the following series of rings was observed: — 

Ist Older. White, peJe fellow, yellow, orange, dull red. 

3d order. Violet, blue, whitisii, greeni^ yellow, yellow, 
irsfat onnge. 

3d Older. Pnrple, indigo blue, greenish blue, Inght green, 
TbHdw green, red. 

4th coder. Bluish greeo, bluish white, red. 

5th order. Dull green, &int bluish white, &int red. 

6th order. Very &iDt green, ver; &int red. 

7lh order. A trace of ^i^en and red. 

When the aperture B is brought nearer to the eye-lens 
iriiose tbcua is supposed to be at G, the central white epot 
^WH les and less till it vaniehes, the rings gradually closing 
mopoD it, and the centre assuming in euccesaitai the most 
Mlnuit tints. The following were the tints obseTved by 
}b. HeTBChel; the distance between the radiant point F and 
(he locus G of the eye-lens remaining constant, and the 
^erture, suppoeed to be at B, being gradnally brought nearer 
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When two small apertures are used instead of one, and the 
ringfs examined by the eye-lens as before, two systems. of 
rings will be seen, one round each centre ; but, besides the 
rings, there is another set of fringes which, when the aper- 
tures are equal, are parallel rectilineal fringes equidistant 
from the two centres, and perpendicular to the line joining 
these centres. Two other sets of parallel rectilineal 
diver^ in the form of a St Andrew's cross from the middle 
point t)etween the two centres, and forming equal angles be- 
tween the first set of parallel fringes, u the apertures are 
unequal, the two systems of rings are unequal, and the first 
sat of parallel fringes become hyperbolas, concave towards 
the smsiller system of rings, and having the aperture in their 
common focus.* 

The finest experiments on this subject are those of Frann- 
hofer ; but a proper view of them would require more space 
than we can 8pare.t 



CHAP. xn. 

ON THE COLORS OF THIN PLATES. 

(75.) When light is either reflected from the snr&ces of 
transparent bodies, or transmitted through porticms of them 
with parallel surfaces, it is invariably white, for all the di& 
ferent thicknesses of such bodies as we are in the habit of 
seeing. The thinnest films of blown glass, and the thinnest 
films of mica generally met with, will both reflect and trans- 
mit white light If we diminish, however, the thickness of 
these two bodies to a certain degree, we shall find that, in- 
stead of giving white light by re&xion and transmission, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spirit of wine, turpentine, and soap and 
water, exhibited beautiful colors ; and he succeeded in blow- 
ing glass so thin as to show the same tints. Lord Brereton 
hffi observed the colors of the thin oxidated films which the 
action of the weather produces upon glass ; and Dr. Hooke 
obtained films so equally thin that they exhibited over their 
whole surface the same brilliant color. Such pieces dC mica 
may be produced at the edges of plates quickly detached 
from a mass; but they may be more readily obtained by 



* Henchers Treatise on LighU § 735. 

X See Edinburgh Rneyclopadia, art. Optics, Vol. XV., p. 556. 
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itieknig ooe code of a plate of mica to a piece of iealing^waz, 
and tearing it away with a sudden jerk. Some extremely 
thin films will then be left on the wax, which will exhibit 
the liveliest colors by reflected light. If we coold produce a 
film of mica with only one tenth part of the thickness of that 
which produces a bright blue color, this film would reflect jio 
light at all, and would appear black if viewed by reflexion against 
a black bqdy. But though no such film has ever been obtained, 
or is likely to be obtained by any means with which we are 
acquainted, yet accident on one occasion produced solid fibres 
88 thin, and actually incapable of reflecting light This very 
remarkable fact occurred in a crystal of quartz of a smol^ 
color, which was broken in two. The two surfaces of fi-acture 
were absolutely black; and the blackness appeared, at first 
sight, to be owing to a thin film of opaque matter which had 
insinuated itself into the crevice. This opinion, however, 
was untenable, as every part of the surface was black, and the 
two halves of the crystals could not have stuck together had 
the crevice extended across the whole section. Upon examin- 
ing this specimen with care, I found that the sur&ce was per- 
fectly transparent by transmitted light, and that the blackness 
of the surfaces arose fh)m their being entirely composed of a 
fine down of quartz, or of shcnrt and slender filaments, whose 
(iiameter was so exceedingly small that they were incapable 
of reflecting a single ray of the strongest li^ht The diameter 
of these fibres Was so small, that, from prmciples which we 
Ml presently explain, they could not exceed the one third 
of the millionth part of an inch. This curious specimen is in 
the cabinet of her grace the duchess of Gordon."" I have 
another small specimen in my own possession ; and I have no 
donbt that fractures of quartz and other minerals will yet be 
fouod which shall exhibit a fine down of different colors de- 
pending on their size. 

The colors thus produced by thinness, and hence called the 
colors of thin plateSf are best observed in fluid bodies of a 
mcouB nature. If we blow a soap-bubble, and cover it with 
a clear glass to protect it from currents of air, we shall ob- 
serve, aner it has grown thin by standing a little, a great 
DHmy concentric colored rings round the top of it The color 
in the centre of the rings will vary with the thickness; but 
18 the bubble grows thirmer the I'msa will dilate, the central. 
spot will become white, then bluish, and then black, after 
which the bubble will burst, from its extreme thinness at the 
place of the black spot The same change of color with the 

* See Edinhurgh Journal qf Science, No. I., p. 108. 
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thickneflf may be seen by placing a thick fikn of an evajpofa- 
ble fluid upon a clean pkte of glass, and watching the effect 
of the diminution of thickness which take place in the comae 
of evaporation. 

The method used by Sir Isaac Newton for producing a thin 
plate of air, the colors of which he intended to investigate, is 
shown in fig. 57., whjpre L L is a pkno-coQvez lens^ the 




radius of whose convex surface is 14 feet, and Z Z a double 
convex lens, whose convex surfaces have a radius of 50 feet 
each. Tlie plane side of the lens L L was placed downwards^ 
so as to rest upon one of the surfaces of the lens I L Them 
lenses obviously touch at their middle points; and if the 
upper one is slowly pressed against the under one, there wiU 
be seen round the point of contact a system of circular color- 
ed rinffs, extending wider and wider as the pressure is in- 
crease. In order to examine these rings under di^rent 
dc^nees of pressure, and when the lenses Lh, I I are at 
dinerent distances, three clampnacrews, p,p,|>, should be em- 

Soyed, as shown in fig. 56., by turning whidi we may pro- 
ice a r^B^ar and equal pressure at the point of ccmtact 
When we look at these rin£[8 throu^ the upper lens, so as 
to see those formed by the light reflected from the plate of air 
Fig.s^ between the lenses, we may observe 

seven rings, or rather seven circular 
spectra or orders of cdors, as described 
by Newton in the first two columns of 
the following Table ; the colors being 
very distinct in the first three spectra, 
but growing more and more diluted in 
the others, tiU they almost entirely ds»- 
appear in the seventh spectnun. 
When we view the pUie of air by kmking uiroogfa the un- 
der lens 1 1 from below, we observe another set ^ rings or 
qkfdra foroied in the transmitted light Only five of these 
twuM mi fte d nn^s are distinctly seen, and their ookra, as ob- 
seiT^ br Newtx«. are given m the third cohmm dt die fil- 
Idwinsr uMe : Knl they are much more fiunt than those seoi 
br i^iKxiMi. Rr comparing the cokws seen bv reflexiaD with 
l&Mi( AK^n by fransmi^isko. it will bc" observed that the color 
iransmittMl w always (wipkvmNiiaiT to ibe one reflected, or 
vhicKt when mixc4 \viU\ i:. WvHiM nake white light 
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The precediog colors Eire tboee irtiich are seen when tiili 
ii reflected and transmitted nearly perpendicularly ; bat Sk 
Isaac Nenton found that when the lig-ht wbb reflected uk 
traoHinitted obliquelj, the riDg;3 increa^ in sue, the sanM 
color requiring a greater tlucknen to produce iL The cda 
of any film, theretbre, will descend to a. color lower in, a 
nearer the beginning of, the scale, when it is Been obliqnelr. 

Such are the general phenomena of the colored riutfa won 
Been by while light When we place the lenies in hotaag» 
neoue light, or make Ihe different colors of the solw spectnnt 
pass in succession over the lenses, the rings, which Are alwa^ 
of the sa^ne color aa the light, will be £und to be laigcst u 
red light, and to contract gradually as they are seen in all tht 
■Dcceeduig colors, till they reach their emalleet tdze in tht 
violet rays. Upon measuring (heir diameters, Newton fbaix 
them to have the following ratio in the different cdora at theii 
bouudariee: — 

Since white light is composed of all the preceding colors, tin 
rings seen by it will consist of all the seyen difierently coke 
ed systems of rings superposed as it were, aad forming, bj 
their union, the different colors in the T^le. In ordra b 
explain this, we have constructed the anneEed diagreni, J^ 
- 1 Ims £ 



a the Buppoaitioa that each ring 




■Bine breadth in homogeneous light which it actually im 
when it is formed between sormces nearly flat, ot •nha 
the thickness of the plate varies with the distance fitnn lb 
point of cmtact* Let us then suppose that we fbna sodi t 



• Tliia mppodtioa it nuda in 
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mtem of rmgB with the seven colors of the spectrum, and 
that a sector is cut out of each ^rstem, and placed, as in the 
figore, xoand the same centre (5. Let the angle of the r^ 
lector be 50°, of the cn-ange 30°, the yejlow 16°, the green 
6(K>, the Uue 60°, the indigo 40°, and the violet 80°, bemg 
960° in all, so as to OHnplete the circle. From the centre U 
Bet off the first, second, and third rings in all the sectors, with 
ndii corresponding to the values in the preceding small 
TiUe. Thus, since the proportional diameters of the ex- 
treme red and the extreme orange are 1 and 0*924, the mid- 
dle of the red will be in the mid(Qe between these numbers, 
or 0-962 ; and consequently the proportional diameter, or the 
ndius of the first red ring for the middle of the red space R, 
will be 0*962. In like manner, the radius for the orange will 
be 0*904, for the yellow 0*855, for the green 0*794, for the 
Uue 0-737, for the indiffo 0*696, and for the violet 0*655. Let 
the red rings be colored red as they appear in the experiment, 
the orange rings orange, and so on, each color resembling that 
of the s^ctrum as nearly as possible. If we now suppose all 
these colored sectors to revolve rapidly round C as a centre, 
the efiect of them all, thus mixed, should be the production of 
the colored rings as seen by white light As the diameter of 
etch ring varies from the beginning of the red space to the 
^ of it, and so on with all the colors, the portion of the 
ting in each sector should be part of a spiral, and all these 
separate parts should unite in forming a single spiral, the red 
forming the commencement, and the violet t£e termination of 
the spiral for each ring. 

This diagram enables us to ascertain the composition of any 
of the rings seen in white light Let it be required, for ex- 
ample, to determine the color of the ring at the distance C m 
from the centre, m being in the middle of the second red ring. 
Round C as a centre, and with the radius C m, describe a cir- 
cle, mnop, and it will be seen from the different colors 
through which it passes what is its composition. It passes 
nearly through the very brightest* part of tiie second red rine, 
at m, and Um)ugh a pretty bright part of the orange. It 
passes nearly through the bright port of the yellow, at n ; 
through the brightest part of the green ; through a less bright 
part of the blue ; through a dark part of the indigo, at p ; 
and through the darkest part of the third violet ring. If we 
Imew the exact law accerding to which the brightness of any 
fringe varied firom its darkest to its brightest point, it would 
thus be easy to ascertain with accuracy the number of rays 

* In the figure, the brightest part is the most shaded. 
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of each color which entered into the composition of uj «f 
the rings seen hy white light 

In o^er to determine the thickness of the plate of air lijr 
which each color was produced, Newton foond the squares of 
tiie diameters of the brightest parts of each to be in tiie 
arithmetical progression of the odd numbers, 1, 3, 5^ 7, 9, Ac;, 
and the squares of the diameters of the obscurest parts in the 
arithmetioal progression of the even numbers, 2, 4» 6^ 8^ 10; 
and as one of the glasses was plane, and the other spheiicil, 
their intervals at these rings must be in the same p ro g i tMB OB. 
He then measured the diameter of the fifth dark ring, sod 
found that the thickness of the air at the darkest part qf As 
FiBST dark ring, made by perpendicular rays, was the ^\n 
part of an inch. He then multiplied this number by the pn)* 
ffression 1, 3, 5, 7, 9, &c., and 2, 4, 6, 8, 10, and obtamed tbe 
following results : — 

ThickneM or the air at tbfl Thlckaea of tte ait rt At 

aooat lamlnoua put. laaat ctaaua lai^ 

FmarrlUng - - - prsW " " " TTiMmr<VwAn " 

Sboow) Rmg - - - YTe^jfj^ ' ' ' TV&nw 

TniEDRjng - - - rnymF "' " - iT8%Tn 

Fourth Rmg - - - pnwnnr - " - -mW 

When Newton admitted water between the lenses, he 
found the colors to become &inter, and the rings smaller; 
and upon measuring the thicknesses of water at which the 
same rings were pr^uced, he found them to be nearly as the 
index of refraction for air is to the index of refraction fir 
water, that is, nearly as 1*000 to 1*336. From these data he 
was enabled to compute the three last columns of the Table 
given in page 93, which show the thicknesses in millionth* ■ 
parts of an inch at which the colors are produced in plates of 
air, water, and glass. These columns are of extensive use^ 
and may be regarded as presenting us with a micrometer fcr 
measuring minute thicknesses of transparent bodies by their 
colors, when all other methods would be inapplicable. 

We have already seen that when the thickness of the film ^ 
of air is about yrl.lvTf^th of an inch, which corresponds to the 
seventh ring, the colors cease to become visible, owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear in much 
greater numbers, a dark and a colored ring succeeding eadi 
other to a considerable distance from the point of contact 
In this case, however, when the rings are formed betweeo 
object glasses, the thickness of the plate of air increases » 
rapidly that the outer rings crowd upon one another, and 
cease to become visible from this cause. This efi^t would 
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dbv'yaaabr not be produced if they were fbnned by a solid film 
wbose thicknesB varied by slow gradations. Upon this prin- 
ciple, Mr. Talbot has pointed out a very beautiful method of 
enibiting these rings with plates of glass and other sub- 
stances even of a tangible thickness. If we blow a glass ball 
10 thin that it bursts,* and hold anv of the firagments in the 
}il^ of a spirit lamp with a salted wick, or in the light of 
iny of the monochromatic lamps which I have elsewhere de- 
Kribed, an of which discharge a pure homogeneous yellow 
lij^t, the surfece of these films will be seen covered with 
frnunas alternately yellow and black, each fringe marking out 
t£& windings t^e lines of equal thickness in the glu^Glm. 
Where tiie tkickness varies dowly, the fringes will be broad 
■ad eesOy seen; but where the variation takes place rapidly, 
tiie fringes are crowded tt^ther, so as to require a micro- 
toope to render them visible. If we suppose any of the films 
of glass to be only the thousandth part of an inch thick, the 
lings which it exhibits will belong to the 89th mder ; and if 
t iuffe long^ plate of this glass could be ^t with its thick- 
nen deseeding to the millionth part of an mch by dow gra- 
dttioDS, the whole of those 89 rings, and probably many more, 
would be distinctly visible to the eye. In order to produce 
■inch effects, the light would require to be perfectly homoge- 



Ilie rin^ seen between the two lenses are equally visible 
whether air or any other gas is used, and even wnen there is 
10 gas at all ; finr the rings are visible in the exhausted r^ 
eeiver €i an air-pump. 



CHAP. xm. 

ON THE COLORS OF THICK PLATES. 

(718.) The colors of thick plates were first observed and 
mcribed br % Isaac Newton, as produced by concave fflass 
ninarB. Admitting a beam of solar light, R, into a oark 
mom, through an aperture a quarter of an inch in diameter 
Ivmed in the windowHsbutter M N, he allowed it to fall upcm 
a elasB minor, A B, a quarter of an inch thick, quicksilvered 
brahid, having its axis in the direction R r, and tiie radius of 
Ihe curvature of both its surfaces bein^ equal to its distance 
Miind the aperture. When a sheet of paper was placed on 
tbe window-diutter M N, with a hole in it to allow the sun* 

* Filing of mica answer tbe purpoie ftill better. 

I 
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beam to pass, he observed the hole to be minounded with 
fimr or fiw> colored rings, with sometimes traces of a sixth 





and seventh. When the paper was held at a greater or a 1 
distance than the centre of its concavity, the rinffs became 
more dilute, and gradually vanished. The colors of the rinp 
succeeded one another like those in the transmitted sjstem m 
thin plates, as given in column 3d of the l^le in page 9S. 
When the light R was red the rings were red, and so on with 
the other colors, the rings being largest in red and smallert 
in imlet light. Their diameters preserved the same pn^Kv- 
tion as those seen between the object passes; the sqnarea of 
the diameters of the most luminous parts (in homogeneoos 
light) being as the numbers 0, 2, 4, 6, &c., and the squares of 
the diameters of the darkest parts as the intermediate nmn- 
bers 1, 3, 5, 7, &c. With mirrors of greater thickness the 
rings grew less, and their diameters varied inversely as the 
square roots of the thickness of the mirror. When the quick- 
silver was removed, the rings became fainter ; and when the 
back surface of the mirror \vas covered with a mass of oil cf 
turpentine, they disappeared altogether. These facts clearly 
prove that the posterior surface of the mirror concurs with the 
anterior surface in the production of the rings. 

When the mirror A B is inclined to the incident beam R r, 
the rings grow larger and larger as the inclination increases, 
and so also does the white round spot ; and new rings of color 
emerge successively out of their common centre, and the 
white spot becomes a white ring accompanying them, and the 
incident and reflected beams always fall upon the raposite 
parts of this white ring, illuminating its perimeter like two 
mock suns in the opposite parts of an iris. The colors of 
these new rings were in a contrary order to those of the 
former. 

The Duke de Chaulnes observed similar rings upon the sur* 
lace of the mirror when it was covered with gauze or musliiip 
or with a skin of dried skimmed milk ; and Sir W. Herschd 
noticed analogous phenomena when he scattered hair-powder 
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in the air before a concave mirror on which a beam of light 
was incident, and received the reflected light <m a screen. 

(77.) The method which I have found to be the most sim- 
ide for exhibiting these colors, is to place the eye immediately 
behind a small &me from a minute wick fed with oil or wax, 
80 that we can examine them even at a perpendicular inci- 
deice. The colors of thick plates may be seen even with a 
common candle held before the eye at the distance of 10 or 
12 feet from a common pane of crown glass in a window that 
iias accumulated a little fine dust upon its surface, or that has 
QD its surface a fine deposition of moisture. Under these 
circumstances they are very bright, though they may be seen 
e?en when the pane of glass is clean. 

The colors of thick plates may, however, be best displayed, 
and their theory best studied, by using two plates of glasB of 
e^oal thickness. The phenomena thus produced, and which 
pnsented themselves to me in 1817, are highly beautiful, and, 
u Mr. Herschel has shown, are admirably fitted for illus- 
tntiDflr the laws of this class of phenomena. Inrorder to o^ 
tun plates of exactly the same thickness, I formed out of the 
■me piece of parallel glass two plates, A B, C D, and having 
pboed between them two pieces of soft wax, I pressed them 

to the distance of about one tenth 
^^' <rfan inch fixnn each other ; and by 

pressing above one piece of wax 
more than another, I was able to 
give the two plates any small incli- 
nation I chose. Let A B, C D then 
be a section of the two plates, thus 
inclined, at right angles to the com- 
mon section of their surfaces, and 
let R S be a ray of light incident 
nearly in a vertical direction and 
proceeding from a candle, or, what 
is better, from a circuliur disc of 
condensed light subtending an an- 
li» €€ 29 or 2P. If we place the eye tehind the plates, when 
uiey are parallel we shall see only an image of the circular 
diK; bat when they are inclined, as in the figure, we shall 
observe in the direction V R several reflected images in a 
IDW besides the direct ima^. The first or the brightest of 
these will be seen crossed with fifteen or sixteen beautiful 
fiinges or bands of color. The three central ones consist of 
lihi^ish or whitish stripes ; and the exterior ones of brilliant 
bands of red and green light The direction of these bands 
is aiwrays parallel to the common section of the inclined 
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plates. These colored bonds increase in breadth by diminish" 
ing the inclination of the plates, and diminish by increasing 
their inclination. When the light of the luminous circular 
object fidls oUiquely on the first plate, so that the plane of in* 
cidence is at right angles to the section of the plates, the 
fringes are not distinctly visible across any of the ima^; 
but their distinctness is a maximum when the i^ane of mci- 
dence is parallel to that section. The reflected images of 
course become more bright, and the tints more vivid, as the 
angle of incidence becomes greater ; when the angle of indh 
deuce increases firom 0^ to 90°, the images that have suffered 
the greatest number of reflexions are crossed by other firinges 
inclined to them at a small angle. If we conceal the bright 
light of the first image so as to perceive the image fbnned by 
a second reflexion within the first plate, and if we view ibis 
imaffe through a small aperture, we shall observe cokxed 
bands across the first image far surpassing in precisioa of 
outlino and richness <^ coloring any analogous phenomenoik 
When these firinges are agpoin concealed, others are seen cm 
the image immediately behind them, and formed by a third 
reflexion finom the interior of the first plate. 

If we bring the plate C D a little futher to the rj^t htad^ 
and make tl£ ray R S fidl first upon the plate C D, and be 
afterwards reflected back upon the first plate A B, fiom both 
the surfiices of C D, the same colored bands will be seen. 
The progress of the rays through the two plates is shown in 
the figure. 

When the two plates have the form of concave and convex 
lenses, and are combined, as in the double and triple achio* 
matic object glass, a series of the most splendid systems of 
rings are developed; and these are sometimes crossed hy 
others of a different kind. I have not yet had leisure to psb- 
lish an account of the numerous observations I have made on 
this curious class of phenomena. 

In viewing films of blown glass in homogeneous yellow 
light, and even in common day-light, Mr. Tal£)t has olieerved 
that when two films are placed together, bright and obscure 
firinges, or colored fringes of an irre^lar form, are produced 
between them, though exhibited by neither of them separately. 
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CHAP. XIV. 
?| Cnr THE OCfUSRB OF FIBRES AND OBOOYBD SUBFAGBIL 

^TR) When we look at a candle or any other luminous body 
(hmig^ a plate of glass covered with vapor or with dust in a 
finely divided state, it is surnmnded with a corona at ring of 
colorBy like a halo round the sun or moon. These rin/vs increase 
IS the size c^ the particles which produce them is dmiinished ; 
tnd their brilliancy and ntimber depend on the uniform size of 
diese particles. Minute fibres, sutsh as those of silk and wool, 
produce the same series of rings, which increase as the diameter 
of the fibres is less; and hence Dr. Young proposed an in- 
Blmment called an eriometer, for measuring the diameters d^ 
minute particles and fibres, by ascertaining the diameter of 
any ooe of die series of rings which they produce. For this 
purpose, he selected the limit of the first red and green ring 
as the one to be measured. The eriometer is formed of a 
piece of card or a plate of brass, having an aperture about the 
fiftieth of an inch in diameter in the centre of a circle about 
Inlf an inch in diameter, and perfi)rated with about eight 
■nail holea The fibres or particles to be measured are fixed 
in a dider, and the eriometer being placed before a strong 
hriit, and the eye assisted by a lens applied behind the smaU 
hme^ the rings of colors will be seen. The slider must then 
be town out or pushed in tiU the limit of the red and ^reen 
linff coincides with the circle of perforations, and the mdex 
1^ then show on the scale the size of the purticles or fibres. 
TTie seed of the Iveoperdon bovista was found by Dr. Wol- 
hston to be the 8500dth part of an inch in diameter ; and as 
this substance gave rings which indicated 8A on the scale, it 
fiiUows that 1 on the same scale was tlie 29750tii part of an 
inch, or the S0,000dth part The fbUowing Table contains 
some of Dr. Young's measurements, in thirty-thousandths c^ 
an inch: — 



IGIk diluted indistinct . . 3 
Dust of Ifcopcrdm botfigta 3} 
BdUocVb Uood . . , , 4l 
flmut of barley . . . . 6^ 
Bloodofamare . . . . 6^ 
Human Uood diluted with 

water 6 

Pus 7i 

E»lk ........ 12 

Beaver*s wool .... 13 

MoIe*fl fur 16 



Shawl wool 19 

Saxon wool 22 

Lioneza wool 25 

Alpocca wool 26 

Farina of laurestinua . . 26 

Ryeland Morino wool . . 27 

Merino South Down . . 28 

Seed of lycopodium ... 32 

South Down ewe .... 39 

Coarse wool 46 

Ditto from some worsted . 60 



12 
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(79.) By obeerving the colors produced by reflexkn fiom 
the fibres which compose the crystalline lenses of the eyes of 
fishes and other animals, I have been able to trace these fibres 
to their origin, and to determine the number of poles or septa 
to which they are related. The same mode of observatioii, 
imd the measurement of the distance of the first coknd 
image firom the white image, has enabled me to determiae the 
diameters of the fibres, uid to prove that they all taper like 
needles, diminishing gradually m>m the equator to the p6ki 
of the lens, so as to allow them to pack into a epbenoii mh 
perficies as they converge to their poles or points of origin. 
These colored images, produced by the fitu*es of the lens, lie 
in a line perpendicular to the direction of the fibres, and by 
taking an impression on wax from an indurated lens the colon 
are commumcated to the wax. In several lenses I observed 
colored images at a great distance firom the common imager 
but lyin^ in a direction coincident with that of the fihres; ud 
from this I inferred, that the fibres were crossed by joints or 
lines, whose distance was so small as the ll,000dth part of an 
inch ;^and I have lately found, l^ the use of very powefftd 
microscopes, that each fibre has m this case teeth bke those 
q£ a rack, of extreme minuteness, the colors being prodaoed 
l^ the lines which form the sides c^ each tooth. 

(80.) In the same class of phenomena we most rank the 
jnrincipal colors of mother-of-pearl. This substance, obtained 
firom the shell of the pearl oyster, has been long employed in 
the arts, and the fine play of its colore is therefore well ^own. 
In order to observe its colors, take a plate of regularly formed 
mother-of-pearl, with its surfaces nearly parallel, and grind 
these surfaces upon a hone or upon a plate of glass with the 
powder of schistus, tiU the image of a candle reflected finom 
the sur&ces is of a dull reddish-white color. If we now place 
the eye near the plate, and look at this reflected image, C, we 




M 






■hall see on one side of it a prismatic image. A, glowing with 
aU the colors of the rainbow, and forming indeed a spectrum 
of the candle as distinct as if it had been formed by an equi- 
laleral prism of flint glass. The blue side of this image is 
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next the image C, and the distance of the red part of the 
image is in one qiecimen 7^ 22' ; hut this angle varies even 
in toe same specimen. Upon first looking into the mother-o& 
peari, the image A may be above or below C, or on any side 
cf it ; but, by turning ue specimen round, it may be brought 
eiHier to the riffht or left hand of C. The di^ance A C is 
■nalleirt when me light of the candle fidls nearly perpen- 
dionkr on the surftce, and increases as the inclination or the 
incident ny is increased. In one specimen it was 2P 7' at 
Muly a perpendicular incidence, and 9° 14' at a very great 
oUiqoitY. 

Oa the outside of the image A there is invariably seen a 
iiH», M, of colored li^ht, whose distance M C is nearly double 
ACL These three miages are always nearly in a straight 
hue, but the angular dirtance of M varies with the angle of 
incidence according to a law difierent from that of £ At 
gnat angles of incidence the nebulous mass is of a beautiful 
oimnn ooAar ; at an angle of about 87° it becomes green ; 
and neazer the perpendicular it becomes yeUowish-white, and 
TCnr Inminaus. 

If we now polish the sur&ce of the mother-of-pearl, the 
otdinazy image C will become brighter and quite white, but a 
mxnd primnatie image, B, toill start up en the other side of 
C, amd at the same distance from it. 

Hue second image has in all other respects the same pro- 
portieB as the first Its brightness increases with the polish 
cf the flurfiioe, till it is nearly equal to that of A, the lustre 
cf which is slightly impaired by polishing. This second 
iniBge is never accompanied, like the first, with a nebulous 
iBBfli M. If we remove the polish, the image B vanishes, and 
A lemmes its brilliancy. The lustre of the nebulous mass M 
ii improved by polisbing. 

If we repeat these experiments <m the opposite skie of the 
i^tecimen, the very same phenomena will be observed, with 
this dififerance only, that the images A and M are <m the op- 
posite side of G. 

In looking through the mothers-pearl, when ground ex- 
tremely thin, nearly the same phenomena will be observed. 
The colors and the distances of the images are the same ; but 
the ndmlous mass M is never seen bv transmission. When 
die second image, B, is invisible by reflexion, it is exceedingly 

T: when seen by transmission, and vice versA, 
making these experiments, I had occasion to fix the 
motheiKi^pearl to a gcmkxneter with a cement of resin and 
beaa'-wax ; and upon removing it, I was surprised to see the 
iiidle mu&ce of the wax shining with the pnsmatks cdors of 
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the mother-of-pearl I at first thought that a small film of tbe 
substance had been left upon the wax ; Jirat this was woan 
found to be a mistake, and it became manifest that tbe mother- 
of-pearl really impressed upon the cement its own power cf 
producing the colored spectra. When the unpolished mothei^ 
of- pearl was impressed on the wax, the wax gave only one 
image, A ; and when the polished sur&ce was used, it mm 
both A and B : but the nebulous image M was never «yKiKtoA 
by the wax. The images seen in the wax are always on tbe 
opposite side of C, from what they are in the sorftce that is 
impressed upon it 

The colors of mother-of-pearl, as communicated to a soft 
surface, may be best seen by using black wax ; bat I bava 
transferred them also to balsam of Tolu, realgar, fUsihle 
metal, and to clean surfaces of lead and tin by hard pressure, 
or the blow of a hammer. A solution of gum arabic or of 
isinglass, when allowed to indurate upon a sur&ce of motber- 
o^pearl, takes a most perfect impression from it, and ftghiluf 
all the communicable colors in the finest manner, when seen 
either by reflexion or transmission. By placing the iaing^ssi 
between two finely polished surfiices of good specimens of 
mother-of-pearl, we shall obtain a film of artificial motber-ol' 
pearl, which when seen by single lights, such as that of a 
candle, or by an aperture in the window, will shine with tbe 
brightest hues. 

u, in this experiment, we could make the grooves of the 
one surface of mother-of-pearl exactly parallel to the grooves 
in the other, as in the shell itself the images, A and B, formed 
by each surface, would coincide, and only two would be ob- 
served by transmission and reflexion : but, as this cannot be 
done, four images are seen through the isinglass film, and 
also four by reflexion ; the two new ones being formed by re- 
flexion from the second surface of the film. 

From these experiments it is obvious that the colors under 
our consideration are produced by a particular configmratioo 
of surface, which, like a seal, can convey a reverse i mpn» 
sion of itself to any substance capable of receiving it Bty 
examining this surface with microscopes, I discovered m 
almost every specimen a grooved structure, like tbe delicste 
texture of the skin at the top of an infant's finger, or like tbe 
section of the annual growthis of wood, as seen upon a dressed 
plank of fir. These may sometimes be seen by the naked eye, 
but they are oflen so minute that 3000 of them are contained 
in an inch. The direction of the grooves is alwa^ at right 
angles to the line M A C B, Jig. 62. ; and hence in ureffularly 
formed motherof^pearl, where the grooves are often circukr, 
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ud havinff every poesible direction, the colored images A, B 
are irregularly scattered round the common image C. If Uie 
poavcB were, accordingly, circular, the series of prismatic 
images, A B, would form a prismatic rin? round C, provided 
the gvooves retained the same distance. "Hie general distance 
of the grooves is from the 200th to the 5000th of an inch, and 
tbe distance of the prismatic images from C increases as the 

rvea become closer. In a specimen with 2500 in an inch, 
distance A C was 2P 41' ; and in a specimen cf about 
SOOO k was about 7° 22^. 

These grooves are obviously the sections of all the con- 
oeatric stzata of the shelL When we use the actual sur&ce 
€f any stratum, none of the colors A, B are seen, and we ob- 
sen'e only the mass of nebulous light M occupying the place 
d the prmcipal ima^ C. Hence we see the reason why the 
pearl gives none of the images A, B, why it communicates 
oooe cff its colors to wax, and why it shines with that delicate 
white light which ^ves it all its value. The pearl is formed 
d eoocentric spherical strata, round a central nucleus, which 
Sr Everaid Home conceives to be one of the ova of the fish. 
None of the edffes of its strata are visible, and as the strata 
have parallel sux&cea, the mass of light M is reflected exactly 
like the image Q and occupies its dace; whereas in the 
mother-of-pearl it is reflected nrcmi sumces of the strata, in- 
clined to the general sur&ce of the specimen which reflects 
the image C. liie miztare of all these difliise masses of 
nebulous light, of a pink and green hue, constitutes the beau- 
tiful white of the pearls. In bad pearls, where the colors are 
too blue or too pink, one or other c^ these colors has pre^ 
dnminalied. If we make an oblique section of a pearl, so as 
to exhibit a sufficient number of concentric strata, with their 
cdffee tolerably close, we should observe all the communicable 
0WU8 of mother-of-pearl* 

These phenomena may be observed in many other ejiells 
besides that of the pearM)yster ; and in every case we may 
distinguish communicable from incommunicable colors, by 
placing a fllm of fluid or cement between the surface and a 
plate of glass. The communicable colors will all disappear 
mm the filling up of the grooves, and the incommumcable 
ookra will be rendered more brilliant 
/ (8L) Mr. Herschel has discovered in very thin plates of 
niolher-<3(fpeajl another pair of nebulous prismatic images, 
more distant from C than A and B, and also a pair of frunter 
neboloos images, the line joining which is always at right 

* See Edinburgh JounuU qf Sbmucc, No. XII., p. S77. 
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angles to the line jaininK tbe fiist pui.* These imagoi tie 
seen by looking through a tbLn piecn of motherof-pearl, est 
paisJlel to the natural Bur&ce of the shell, and between tbe 
70th and the 300dth of on inch thick. They ure much hr^ 
than A and B ; ftnd Mr. Herschel found that the line jotnnw 
them was alwa)-B perpendicular to a veined structure whiu 

r through ila Bubstance. The distance of tbe red put tf 
image from C was found to be 16° SS*, uid tbe veiH 
which produced these colors were so small that SlOO rf tbon 
were contained in an inch. We have r^ireemted them ■ 
J^. 63. as crossing the ordinary groores which give the con- 
municable colors. Mr. Herschef describes them oa caaKSf 




these grooves at all anglee^ " giving the whole snr&ee mud 
the appearance of a piece of twill»l silk, or the larger waves 
of tbe sea intereected with minute ripplings." The second 
pair of nebulous images seen by tranBmiBsion must arise fiont 
a veined structure exactly perpendicular to the first, though 

the structure has oot yet been recognized by the micrcB 

The structure which produces the lightest pair Mr. Hen 
has found to be in aD cases coincident with the plane pwiim^ 
through tbe centres of the two systems of pdarized rings. 

The principle of the production of color b; grotrveS bii> 
ftces, and of the communicability of these colors by piuwure 
to vaikwa substances, baa been happily applied to me arts bj 
John Barton, Esq. By means of a delicate engii 
by a screw of the most accurate workmanships 
seeded in cutting grooves upon steel at the disti 
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die 2000th to the 10,000th of an inch These lines are cut 
with &e point of a diamond ; and such is their perfect paral- 
klimi and the uniformity of their distance, that while in 
motfier-of-pearl we see only one prismatic ima^, A, on each 
aide of the common image, C, of the candle, m the grooved 
itBei sorfiices 6, 7, or 8 prismatic images are seen, consisting 
cf spectra, as perfect as those product by the finest prisma 
Nbthing in nature or in art can surpass this brilliant display 
flf colora; and Mr. Barton conceived the idea of forming but- 
tODfl lor gentlemen's dress, and articles of female ornament 
covered with grooves, beautifully arranged in patterns, suod 
diining in the ught of candles or lamps with all the hues of 
the spectrum. To these he gave the appropriate name of Iris 
oniamenta. In forming the buttons, the patterns were drawn 
on steel dies, and these, when duly hardened, were used to 
stamp their impressions upon polished buttons of brass. Li 
day-h^ht the colors on these buttons are not easily distinguish- 
ed, umess when the surface reflects the margin of a daxk ob- 
ject seen against a light one ; but in the light of the sun, and 
that of gas-flame or candles, these colors are scarcely if at all 
surpassed by the brilliant flashes of the diamond. 

The grooves thus made upon steel are, of course, all trans- 
ferable to wax, isinglass, tin, lead, and other substances ; and 
5 indurating thin transparent films of isinglass between two 
these grooved surfiices, covered with lines lying in all di- 
rections, we obtain a plate which produces by transmission 
the most extraordinary display of prismatic spectra that has 
ever been exhibited. , 

(BSS.) In examining the phenomena produced by some of 
the finest specimens of Mr. Barton's skill, which he had the 
kindness to execute for this purpose, I have been led to the 
observation of several curious properties of light In mother- 
fi^pearl, well polished, the central image, C, of the candle or 
himinoas object is always white, as we should expect it to be, 
in consequence of being reflected from the flat and polished 
soiftces between the grooves. In like manner, in many 
specimens of grooved steel the ima^ C is also perfectly 
white, and the spectra on each side of it, to the amount of six 
or eight, are perfect prismatic images of the candle; the 
imBge A, which is nearest C, being the least dispersed, and 
all ue rest in succession more and more dispersed, as if they 
were formed by prisms of greater and greater dispersive 
powers, or greater and greater refracting angles. These spec- 
tra contain the fixed lines and all the prismatic colors ; but the 
red or least refrangible spaces are gr^tiy expanded, and the 
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mblef or most re&angibte spaces greatly eontmeltd, even mofe 
thin in the spectrs [Boduced by Bulphnric acid. 

In enamimn^ Bome of these prismatic images wbiofa weeaei 
to be defective m pnrticular rays, 1 was aor^ued to find tiai, 
in the specimans which produced theni, the iniage C leSettti 
from the polished ori^nal sur&ce of the ateel wm ita^ 
idightly colwed; that its Imt varied vrith the ai^le of lost 
deuce, end had iome reUtion to the de&Icatim of oAac in tht 
prisniDtic imagea. In ordcc to obaerre theM ph ouMU— 
through a great range of incidence, I substituted lor the can- 
die a IcHig narrow rect&ngQlaT aperture, formed hf^ DMOlf 
elodng the nindow-ehutters, and I then saw at one view tha 
state at the ordinarr image and all the prismatic images, b 
Older to understand this, let AB,J^.61, be the ordiiaif 




image of the aperture reflected from the fiat snrfiwe of ^tts 
itecS which lies between the grooves, and ab,a'b', a"ft",Aa, - 
the prisinatic images on each side of it, every one of tben 
images fiirmiiig a complete spectrum with all ita difiereut 
colore. The image A B wae crossed in a direction parpen- 
dicular to its length with brood colored fringes, nuying in 
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tfaebr tints irom 0^ to 90^ of incidence. In a specimen with 
lOOO grooves in an inch, the following were the colors dis- 
tinctly seen at dif^rent angles of incidence :— 

White - - . - 90° 0' 
Yellow - - - - 80 30 
Reddish onnge - - 77 30 
Pink ... - - 76 20 
Jimctiaa of pink and ) lye ^^m 

Uae - - - r 
Brilliant blue . - 74 30 
Whitish .... 71 
YeUow .... 6445 
Pink ----- 50 45 
Junction of pink and > cq -m 



Ai«toori 

Blue 56° 0' 

Bluish ^een - - 54 30 

Yellowish green - 53 15 

Whitish green - - 51 

Whitish yellow - - 49 

Yellow .... 47 15 

Pinkish yellow - - 41 

Pink red - - - - 86 

Whitish pink - - 81 

Green - ... 24 

YeUow - - - - 10 

Reddish .... 00 



These colors are t^ose of the reflected rings in thin plates. 
If we torn the steel plate round in azimuth, the very same 
odozs appear at the same angle of incidence, and they suffer 
w change either hf varying the distance of the gted plate 
fmn the luminous aperture, or the distance of the eye of the 
iksaner from the grooves, 

hi the preceding table there are four orders of colors ; but 
in some specimens there are (xily three, in others two, in 
others one, and in some only one or two tints of the first order 
lie developed. A specimen of 500 grooves in an inch gave 
coly the yellow of the first order through the whole quadrant 
of mcidence. A specimen of 1000 grooves ffave only one 
complete order, wim a portion of the next A specimen of 
8883 grooves gave only the yellow of the first order. A spe- 
cinoen of 5000 gave a little more than one order ; and a spe- 
dinen of 10,000 grooves in an inch gave also a little more 
dan one older. 

In fig, 64. we have represented the portion of the quadrant 
of incidence from about 22^ to 76^. In the first spectrum, 
•6«^vvi8the violet side of it, and r r the red side of it, 
ind between these are arranged all the other colors. At m, 
at an incidence of 74^, the violet light is obliterated firom the 
ipectrum a b ; and at n, at an incidence of 66^, the red rays 
are obliterated ; the intermediate colors, blue, green, &c, being 
ofaliteraled .at intermediate points between m and n. In the 
SBOGnd spectrum, a' b' a' b\ the violet rays are obliterated at 
ai' at an nicidence of 66^ 20', and the red at n' at an inci- 
dence cf 66°. In the third spectrum, a" b" a" b", the violet 
njB aie obliterated at m" at 57^', and the red at n" at 41^ 

E 
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riolet being obliterated at t> and ^, and the red at r and ■*, ari 
the intermediBte colors at intennediate points In thii 
■econd BuccenioD the line |i > begins aod ends at tho wuai 
an^e of incidence as tlte line m" n" id the Ibird prnntii 
image a" 6", and the line fi* w in the second primnatic man 
CorreapondB with m'" n'" on the fourth prismatic inmga, a 
bH these cases, the tints obliterated in the direction iiim^« 
Sic., would, if restored, fonn a complete prisma^ qiactniB 
whose length is m n ^t, &x. 

Cooaidering the ordinaiy image aa white, a similar obliton 
tion of tints takes place upon iL The violet is oUitenled al 
O about 76", leaving pink, or what the violet wants of wbill 
light; and the red is obliterated at p at 74°, leaving a bi^il 
blae. The violet ia obliterated at q and >, and the red at t 
and I, as may be inferred fiom the preceding Table of ctioa. 
The aualjds of these cnrious and wxieutlj eompljcilBd 
pheDtHnena becontes very simple when they are "'■"'""^ b] 
utmc^teneoas light The efiect produced en red light ia n 
presented in fig. 65., where A B is the imue of the nairsM 
aperture reflected maa the origiad 
surface of the steel, and the four imam 
OD each aide of it ctwtespond witli 9it 
prismatic iniage& All theae aiiK 
images, however, consist of homogenfr 
HUB red light, which ia obliterate, a 
nearly so, at the fifteen shaded tet^a 
gles, which are the minima i^ the new 
series of periodical colors which croai 
huth the ordinary and the lateral imagea 
Tlia centres p, r, t, n, >^ du^ of th^ 
rectangles correspraid with the point! 
marked with the same letters in j^. 
64 ; and if we had drawn the 'SAm 
figure for violet light, the centres <d 
tlw rectangles winikl have baen all 
higher up in the figure, end wwU 
Jiave correspanded with o, 9, «, m, ^d 
&c in fig. 64. The rectaoglw alunU 
have been shaded off to repreaent the 
pbenoDiena accurately, hut the calj 
ohject of the figure is to ahow: ti 
the eye the poaitioD and irlfttiffwt nt 
the muiinuu 
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If we cover the eui^e of the grooved steel with a fluid, 
80 u to dBniniflh the refractive power of the Bur&ce, we de- 
velope more orders of colors on the ordinary image, and a 
mater number of miniina on the lateral images, higher tints 
oemff produced at a ffiven incidence. But, what is very re- 
oarnme^ in grooved eurlaces when the ordinary image is 
perfectly wh^ and when the spectra are oomplete withoot 
1^ obfitezatian of tints, the application of fluids to the 
gnoved snr&oe developes colors on the ordinary image, and a 
c o r waip o n d i n g obiiteration of tints on the lateral images. Th6 
fiBowmg TVuble contains a few of the results relative to the 
odinaij image : — 



3U. 



B flat 



Perfectly white. 



{ Gambose yelHoW 
{4if the fiat order. 



Mulmsm Hat with luUi. 



{ 



1. Water, tinge of yellow. 

2. Alcohd* tiiige of yellow. 

3. Oil of cassia, faint reddish yellow. 

1. Water, pmkirti red (first order). 

2. Alcohol, reddish pink. 

3. Oil -of caesia, bright blue (second 
order). 



Fhenomena analogous to those above described take place 
191m the grooved rarfitces of gcM, silver, and caJcareouM 
jjpsr; «]id upon the sur&ces of tin, isingtass, realgcr, &c., 
towfakh the moves have been transferred from steeL For 
an aeeonnt of the phenomena exhibited by several of these 
tnhrtsnreB, I must refer the reader to the iariginal memoir in 
Ihe Fhfloeophical Transactions for 1629. 



CHAP. XV. 
car vm or mxnExioN and transmissioic, and on thi 

imrEBnERENCE OF LIGHT. 

{BS.*) In te preceding chapters we have described a very 
ezteanv<e chiss of phenomena, sH of which seem to have the 
ame origin. From his experiments on the cdors of thin and 
cf thick pLUes, Newloa inferred that th^ were produced by 
a aJBgnlar pnqperty of the particles of liffht, m virtue of 
which they possess, at difierent points of Uieir path, fits or 
dinosilaoiia to be reflected from or transmitted by transparent 
booieB. Sir laaac does not pretend to explain the origin of 
these fitB^ or the cause which produces them ; but we may 
1 fan a tolerable idea cf them by supposing that each particle 
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of light, after its discharge firom a lumiiKMU body, revdvei 
round an axis perpendicular to the direction of its motioo, and 
presenting alternately to the line of its motion an attracti?e 
and a repulsive pole, in virtue of which it will be reficacted if 
the attractive pole is nearest any refracting sorfiu^ on whicfa 
it fidls, and reflected if the repulsive pole is nearest that snr* 
&ce. The disposition to be refracted and reflected will cf 
course increase and diminish as the distance of eidier pole 
from the sur&ce of the body is increased or diminished. A 
less scientific idea may be formed of this hypothesis, by anp- 
pofling a body with a sharp and a blunt end passing thioagb 
space, and successively presenting its sharp and blunt ends to 
the line of its motion. When the sharp end encounters any 
soft body put in its way, it will penetrate it; but when the 
blunt end encounters the same body, it will be reflected cr 
driven back. 

To explain this more clearly, let R,J^. fl6., be a rev of 
light &llmg upon a refracting surface M N, and tranmuttei 

by that sumce. It is clear that it mnit 
have met the snrftce M N when it wis 
nearer its fit of transmission than its fit of 
reflexion ; but whether it was exactly st its 
fit of transmission, or a little from it, it ii 
put, by the action of the surface, into the 
same state as if it had begun its fit of txans- 
miBsion at t. Let us suppose that, after it 
has moved through a space equal to I r, iti 
fit of reflexion takes place, the fit of trans- 
tl^ mission always recommencing at 1 1\ &c 

and that of reflexion at r r', &c. ; then it is obvious, that iS 
the ray meets a second transparent sur&ce at 1 1\ &c., it will 
be transmitted, and if it meets it at r r', &c., it will be reflected. 
The spaces 1 1', V t" are called the intervals of the fits of 
transmission, and r r', r' r" the intervals of the fits of re- 
flexion. Now, as the spaces 1 1\ r r', &c. are supposed equal 
for light of the same colors, it is manifest that, if M N be the 
first surfkce of a body, the ray will be transmitted if the 
thickness of the body iatt'^t t", &c. ; that i8,tt\2tf,9t V, 
4ttfjOT any multiple whatever of the interval of a fit of easy 
transmission. In like manner the ray will be reflected if the 
thickness of the body iBtr,tr'; or, since tV ib equal to r r', 
if the thickness rf the body is ^tt\ Utt', 2J f «*, SltV. 
If the body M N, therefore, had parallel 'sur&ces, a^ tf the 
eye were placed above it so as to receive the rays reflected 
perpendicularly, it would, in every case, see the surfiice M N 
by the portion of light uniformly reflected from that sarfiu^ ; 
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bat when the thicknen of the body wu < e', 2 ( f , S ( f , 4 1 C, 
or 1000 1 f, the eve would receive no rays ftan the aeeond 
ni&cs, bacauae tney tre &U transmitted ; and in like manner, 
tf the thklmeH wu { t f , 1^ t C, 2^ ( t', or 1000| 1 1', the e;e 
wodld receive <ill Ae i^ht reflected from the second suiftce, 
beeauBe it ia all reflected. When this reflected light meets 
the first larftce H N, on its way to the eje, it is all trans- 
nitted, beeanse it is then in its fit of transmission. Hence, 
in the first «aae, the eye receives no light from tlie lecond 
■nftce, and in the fteand case, it receives all the li^ from 
the jeesnd eoi&ce. If the body had intennediate thicknesses 
between 1 C and 2 t f , Sic, as J t (', then a portion d* &e 
Ugbt wmild be reflected from the second snrftce, increasbg 
11 die thickness increaaed from It' tol^ It', and diminishing 
■gain as the thickness increased fnsm 1^ t f to 3 (C. 

But let us now suppose that the plate whose surfiice is M N 
b tmequallj thick, like the ptate of air between the two 
iKtaea, or a film of blown ^as. Let it have its thicknen 
varying like a. wedge MNP, Jig. 67, Let tf, tt' be the in- 
tervals of the fits, and let tbe eje be placed above the wedge 
u befin^ It is quite clear that near the point N the light 
that ftils upon the second BurtkceNP will be all transmitted, sa 
it is iM a fit of transmissitm ; but at tlie thickness / r the light 
R will be reflected by the second surface, because it is then 
ia its fit of reflexion. In like manner the light will be trans^ 
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same line. Let os suppoae that the flgnre is suited to red 
homogeneona light, l C being the interral of a flt for that 
apecies of rays; then in violet light, V, the interval of the flta 
will be less, as t^. ]f we therefore use violet light, tbe in* 
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torval of whose fits is rp, a smaller series of viofef and 06- 
scui^ bands or fringes will be seen, whose obscurest pcHnts 
are at N, r', r", &c., and whose brightest points are at f, 'f^ 
&c In like manner, with the intermediate cokm of the 
spectrum, bands of intermediate magnitudes will be formed* 
havinff their obscurest points between r' and t', r" and V\ and 
their orightest points between p and r, p' and r', &c ; and 
when white li^t is used, all these di&rently colored bands 
will be seen forming fringes of the di^rent (uders of ooloEa 
given in the Table m page 99. If M N P, in place of being 
me section of a prism, were the section of one half of a 
plano-concave lens, whose centre is N, and whose concave sur- 
face has an oblique direction somewhat like N P, the directJoD 
of the colored bands wiU always be perpendicular to the 
radius N M, or will be regular circles. For the same teuaa, 
the colored bands are circular in the concave lens of air b^ 
tween the object glasses; the same colors always aiqieaiing 
at the same thickness of the medium, or at the same distance 
from the centre. 

By the same means Sir Isaac Newton explained the ooJcn 
of thick plates, with this difference, that the fringes an not 
in ihii case produced l^ the light regularly refracted and re- 
flected at the two surfkees of the concave mirror, but by iJie 
light irregularly scattered by the first surface of the ndmr 
in consequence of its imperfect pcdish ; fiur, as he obqerves, 
'* there is no elass or speculum, how well soever polished, bat|. 
besides the light which it refracts and reflects regularly, 
scatters every way irregularly a &int light, by means of 
which the polished surface, when illuminated in a dark room 
by a beam oi the sun's light, may be easily seen in all posi- 
tions of the eye." 

I'he same theory of fits affi)rds a ready explanation of the 
phenomena of double and equally thick plates, which we have 
described in anotlier chapter. There are oHher phenomena 
of colors, lK>wever, to which it is not equally applicable ; and 
it has accordingly been, in a great measure, superseded by 
the doctrine of interference, which we shall now proceed 
to explain. 

(83.) In examining the black and white stripes within the 
shadows of bodies as formed by inflexion. Dr. Young found 
that when he placed an opaque screen either a few inches be- 
fore or a few inches behind one side of the inflecting body, B^ 
Jigi 56., 80 as to intercept all the light on that side by receiv- 
ing the edge of the shadow on the screen, then all the fringes 
in the shallow constantly disappeared, although the light ^1 
passud by Uie utlier edge of the body as befiire. Hence he 
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concluded that the lig^ht which, passed on both sides was ne- 
cessBiy to the production of the fringes ; a conclusion which 
he might have deduced also &om the known fact, that when 
the bmr was above a certain size, fiinges never appeared in 
its shadow. In reasoning upon liiis conclusion, ur. Young 
WIS led to the opinion, that the fringes within the shadow 
were produced by the interference of the rays bent tnJto the 
Amiow by one Me of the body B with the rays bent into the 
Aadow by the other side. 

In order to explain the law of interference indicated in this 
experiment, let us suppose two pencils of li^t.to radiate finm 
two points very close to each other, aiKl that this hstht ftJls 
apon the same spot of a piece of paper held paralldT to the 
lioe joining the points, so that the spot is direcdy opposite the 
point n^oi bisects the distance between the two radiant 
pointa. In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
flpot if the paper were removed, and would diverge from one 
aaother. The spot will, therefore, be illuminatM with the 
sun ci their lights ; and in this case the length of the paths 
of the two pencils of light is exactly the same, the spot on 
the papor being equally distant from both the radiant points. 
Now, It has b^ found that when there is a certain minute 
difference between the lengths of the paths of the two pencils 
of li^ifat. the mi upon the paper where the two lights inter- 
fere 18 nill a briffht spot illuminated by the sum of the two 
ligfatL If we cflll this difference in the lengths of their paths 
it faruffat spots will be formed by the interference of the two 
pencil when the differences in the lengths of the paths are 
df2d,S d^4d, &c. All this is nothing more liian what is 
consistent with daily observation ; but, what is truly remark- 
able and altogether unexpected, it has been clearly demon- 
Btrated that if the two pencils interfere at intermediate points, 
or when the difference in the lengths of the paths of the two 
pencils is |i2,l^(2,2^i2,8^J, £c, instead of adding to one 
another's intensitv, and producing an illumination equal to the 
aom of their lights, they destroy each other, and produce a 
dark spot This curious property is analogous to the beating 
of two musical sounds nearly in unison with each other ; the 
beats taking place when the effect of the two sounds is equal 
to the sum of^ their separate intensities, corresponding to the 
luminous spots or fringes where the effect of the two Tights is 
equal to the sum of their separate intensities, and the cessa- 
tion of sound between the beats when the two sounds destroy 
each other, corresponding to the dark spots or fringes where 
the two lights produce darkness. 
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By the aid of this doctrine the phenomeoa of the inflexion 
of light, and those of thin and thick plates^ may be well ex- 
plained. With regard to the interior nringes^ or those in the 
shadow, it is clear that as the middle of the shadow is eqoaDy 
distant fiom the edges of the inflecting body B, fig. 56., there 
will be no diflerence in the length of the paths of the pendb 
coming from each side of the body, and consequently akng 
the middle of the whole length of every narrow shadow there 
i^ould be a white stripe illuminated with the sum <^ the two 
inflected pencils ; but at a point at such a distance firom the 
centre of the shadow that the diflerence of the two paths of 
the p»encil from each side of the bod^ is equal to ]^ d^ the two 
pencils will destroy each other, and give a dark stnpe. Hence 
there will be a dark stripe on each side of the central bright 
one. In like manner it may be shown, that at a point at such 
a distance from the centre of the shadow that the difference 
in the lengths of the paths is 2 c2, 3 d!, there will be bright 
stripes ; and at intermediate points, where the difiference in 
the lengths of the paths is 1^ dt, 2^ d^ there will he dark 
stripes."" 

In order to explain the origin of the external fringesi both 
Dr. Young and M. Fresnel ascribed them to the inter fe r en ce 
of the direct rays with other rays reflected from the margin 
of the inflecting body ; but M. Fresnel has fbmkl that the 
fringes exist when no such reflexion can take place ; and he 
has, besides, shown the insufliciency cS the explanation, even 
if such reflected rays did exist He therefore ascribes the ex- 
ternal fringes to the interference of the direct rays with other 
rays which pass at a sensible distance from the inflecting body, 
and which are made to deviate from their primitive directk>D. 
That such rays do exist, he proves upon the undulatory theory, 
which we shall aflerwards explain. 

The phenomena of thin plates are admirably explained by 
the doctrine of interference. The light reflected from the 
second sur&ce of the plate interferes with the light reflected 
from the first, and as these two pencils of light come fiom di& 
ferent points of space, they must reach the eye with diflEerenft 
lengths of paths. Hence they will, by their interference, fbnn 
luminous fringes when the diflerence of the paths is d, 2 1( 
8 d, &c., and obscure fringes when that diflerence is 4 12, 14 <2. 
2J d, 31 d, &c. * ' 

In accounting for the colors of thick plates observed fay 
Newton, the light scattered irregularly from every point of 
the first surface of the concave mirror fills diverging on the 

♦See Note No. V., by Am. ed., foUowiog the author*! Appendix. 
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second surface, and beinff reflected from this sur&ce in lines 
diverging from a point oehind, they will eaSGsr refraction in 
coining out of the first surfiice of the mirror, being made to 
diverge as if irom a point still nearer the mirror, bit behind 
its surface. From this last point, therefore, the screen M N, 
in Jig. 60l, is illmninated by the rays originally scattered on 
enfterinsp the first sor&ce. But when the regularly refiected 
light, after reflexion from the second surfiice, emerges finm 
the first, it will be scattered irregularly fixHn each point on 
tfaat BUi^fiice, and radiating from these points will illuminate 
the paper screen M N. Every point, therefore, in the paper 
screen is illuminated by two kinds of scattered light, the one 
l aHiatifig fiam each point of the first surfiice, and the other 
fiom points behind the second surface ; and hence bright and 
ofaKiire bands will be fi»rmed when the difierences of the 
lanffths of their paths are such as have been already de- 
icr3)ed. 

The colors of two equally thick and inclined plates are also 
expli<»ble by the law of interference. Although the light re- 
flected by the different surfiu^es of the plate emerges parallel 
IS shown in fig, 61., yet in consequence of the inclination of 
theplates it reaches tne eye by paths of different lengths. 

The colors of fine fibres, of minute particles, of mottled and 
ikriated sui&ces, and of equidistant jporallel lines, may be all 
n^rrad to the interference of dinbrent portions of light 
reaching the eye by paths of different lengths ; and though 
some dmSculties still exist in the application of the doctrine to 
particnlar phenomena that have not been sufficientlj^ studied, 
yet there can be no doubt that these difficulties will be re- 
moyed by closer investigation. 

As all the i^enomena of interference are dependent upon 
the quantity d, it becomes interesting to ascertain its exact 
magnitude for the dififereutly colored rays, and, if possible, to 
tiace its origin to some primary cause. It is obvious, as 
Freunhofer \aa remarked, that tliis quantity <2 is a real abso- 
lute magnitude, and whatever meaning we may attach to it, 
it is demonstrable that one half of it, in reference to the phe- 
nomena produced by it, is opposed in its properties to the other 
half; so that if the anterior half combines accurately with 
the posterior half, or interferes with it in this manner under a 
smaU angle, the efiect which would have been produced by 
each separately is destroyed, whereas the same efiTect is 
doubled if two anterior or two posterior halves of this mag- 
nitude combine or interfere in a similar manner. 

(84.) In the Newtonian theory of light, or the theory of 
emission, as it is called, in which light is supposed to consist 
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of material particles emitted by luminous bodies, and movinff 
through space with a velocity of 102,000 miles in a secQO^ 
the quantity d is double the interval of the fits of easy re- 
flexion and transmission ; while in the undulatory theory it ii 
equal to the breadth of an undulation or wave of light 

In tiie undulatory theory, an ezceedinffly thin fmd ekMio 
medium, called ether, is supposed to fill all epace, and to o^ 
cupy the intervals between the particles of all mateml bodioL 
The ether must be so extremely rare as to pnresent no ■ppva* 
ciable resistance to the planetuy bodies which move nreelf 
through it 

The particles of this ether are, like those of air, caj^aUa of 
being put into vibrations by the agitation of the paitides of 
matter, so that waves or vibrations can be propagated tinoueh 
it in all directions. Within refincting media it is leas ehsbe 
than in vacuo, and its elasticity is less in proportioii to the re* 
tractive power of the body. 

When any vibraticms or undulations are propagated tfaiouffh 
this ether, and reach the nerves of the retma, they excite m 
sensation of light, in the same manner as the sensatkn of 
sound is excit^ in the nerves of the ear by the vihiatiooi of 
the air. 

Differences of color are supposed to arise ^nxn dififerences 
in the frequencv of the ethenal undulations ; red being pro- 
duced by a much smaller number of undulations in a given 
time than blue, and intermediate coIoeb by intermediate num- 
bers of undulations. 

Each of these two theories of light is beset with difficulties 
peculiar to itself; but the theory c£ undulations has made 
great progress in modem times, and derives such powerfiil 
support fipran an extensive class of phenomena, that it has been 
received by many of our most distinguished philosophers. 

In a work like this it would be in vain to attempt to give 
a particular account of the principles of this theoiy. It may 
be sufficient at present to state, that the doctrine of inter- 
ference is in complete accordance with the theory of unduli^ 
tion. When similar waves are combined, so that the eleva- 
tions and depressions of the one coincide with those of the 
other, a wave of double magnitude will be produced ; whereas 
when the elevations of the one coincide with the depreasioiMi 
of the other, both systems of waves will be totally destroyed. 
** The spring and neap tides," says Dr. Younff, " derived nom 
the combination of the simple soli-lunar tides, affi)rd a mag^ 
nificent example of the interference of two inmiense vi^vet 
with each other ; the spring tide bein^ the joint result df the 
combination when they coincide in tmie and place, and the 
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neap tide where they succeed each other at the distance of 
hair an interval, so as to leave the effect of their difference 
only sensibla The tides of the port of Batsha, described and 
explained by Halley and Newton, exhibit a different modificar 
tion of the same opposition of undulations ; the ordinary pe- 
riods of high and low water being altogether superseded on 
iccocmt of the di^rent lengths of the two channels by which 
the tides arrive, aflbrding exactly the half interval which 
cuses the disappearance of the alternation. It may also be 
veiy easily observed, by merely throwing two equal stones 
mto a piece (^ stagnant water, that the circles of waves which 
tfa^ ocdUEdon obliterate each other, and leave the surfiice of 
the water smooth in certain lines of a hyperbolic ibrm, while 
in other neighboring parts the snr&ce exhibits the agitatioa 
belonging to hoth series united.*' 

The following Table given by Mr. Herschel ccmtahiB the 
principal data of the undulatory theory : — 



tmiinnftmitfTirnm 


Leoftka ot as Db- 
dimttoa la puta 


NoBber of 
UBdntatloH 


Nnmber of Vadvlillaai fu • 

1 J A 




oTulMliiaalr. 


la kBiaeh. 


woos^v 


lUtreme zed. 


0HK)00S66 


37640 


458,000000^)00000 


Bed . . . 


0-0000256 


39180 


477,000000,000000 


Intermediate. 


0-0000246 


40720 


495,000000,000000 


Orange. . 


0K)0O0240 


41610 


506,000000,000000 


Interm^ate . 


0^)000235 


42510 


517,000000,000000 


Yeltow. . 


0-0000227 


44000 


535,000000,000000 


Intermediate . 


00000219 


45600 


555,000000,000000 


Green 


0-0000211 


47460 


577,000000,000000 


Intermediate . 


0-0000203 


49320 


600,000000,000000 


iSlQe ... 


0-0000196 


51110 


622,000000,000000 


Intermediate. 


00000189 


52910 


644,000000,000000 


Indigo . . 


00000185 


54070 


658,000000,000000 


Intermediate. 


0-0000181 


55240 


672,000000,000000 


Violet . . 


0-0000174 


57490 


699,000000,000000 


Extreme violet 0*0000167 1 


59750 


727,000000,000000 



"Prom this Table," says Mr. Herschel, ''we see that the 
ability of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being 
nearly 1*56 : 1, and therefore less than an octave, and about 
equal to a minor sixth. That man should be able to measure 
with certainty such minute portions of space and tune, is not 
a little wonderful ; for it may be observed, whatever theory 
of light we adopt, these periods and these spaces have a real 
existence, being in fact deduced bv Newton from direct mea- 
surements, and involving nothing hypothetical but the names 
here given them." 

* Taking the velocity of light at 192,000 milei per lecond. 
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CHAP. XVL 

ON THE ABSORPTION OP UOHT. 

(85.) One of the most curious properties of bodies in their 
action upon light, and one which we are persuaded will jfet 
peHbrm a most important part in the explanation of optied 
phenomena, and become a ready instrument in opticu re- 
searches, is their power of absorbing light Even the most 
transparent bodies in nature, air and water, when in sufficient 
thicluiess, are capable of absorbing a great quantity of li^t 
Chi the summit of the highest mountains, where their light 
has to pass through a much less extent of air, a much greater 
number of stars is visible to the eye than in die plains tebw; 
and through great depths of water dbjects become almost in- 
visible. The absorptive power of air is finely disblayed in 
the color of the morning and evening doads ; and tfait of 
water in the red color of the meridian sun, when seen finm 
a diving-bell at a great depth in the sea. In both these cases, 
one cluB of rays is absorbed more readily Uuln another in 
passing through the absorbing medium, while the rest make 
their way in the one case to the clouds, and in the other tQ 
the eye. 

Nature presents us with bodies of all degrees of absurptive 
power, as shown in the following brief enumeratioa: — 



CharooaL 

Coal of all kinds. 

Metals in general. 

Silver. 

Gold. 

Black horoblend& 

Black pleonastc. 



Obsidian. 

RockcrystaL 

Selenite. 

Glass. 

Mica. 

Water and transparent fluids. 

Air and gases. 



Although charcoal is the most absorptive of all bodies, yet, 
when it exists in a minutely divided state, as in some of the 
gases and flames, or in a particular state ci agnregatkni, as in 
the diamond, it is highly transparent In Eke mannef, all 
motals aro transparent in a state of solution; and even sUver 
and gold, when beaten into thin films; are translacenty the 
fortnor transmitting a beautiful blue, and the latter a beandfal 
green light* 



• 8mi Nute No. VI, of An. eil.. in iIk note* folkminc tlie utlnr^ 

A|l|MlldlX. 
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PhiloBophers have not yet aBcertained the nataie of the 
power by which bodies absorb light Some have thought 
that Uie particles of li^ht are reflected in all directions Inr the 
particles of the absorbing body, or tamed aside by the rorces 
randent in the particles ; while others are of opinion that 
tbey are detained by the body, and assimilated to its sub- 
rtince. If the particles of light were reflected or merely 
tnined oat of their direction by the action of the particles, it 
Kerns to be quite demonstrable that a portion of the most 
opaque matter, such as charcoal, would, when exposed to a 
4rai|g beam of light, become actually phosphorescent during 
its mnmination, or would at least appear white ; but as all the 
liriit which enters it is never again visible, we must believe, 
till we have evidence of the contrary, that the light is actu- 
illy flopped by the particles of the body, and remains within 
it m the ferm of imponderable matter. 

Some idea may be formed of the law according to which a 
body absorbs light, by supposing it to consist of a given num- 
ber of equally min plates, at the refracting sur&ces of whidi 
there is no light lost by reflexion. If the first plate has the 
power of abK)rbing i^th of the light which enters it, or 100 
lays out of 1000; Sien -^ths of the original light, or 900 rays, 
mil fall upon the second plate ; and Mh of these, or 00, be- 
ing absorbed, 810 will fall upon the third plate, and so on. 
Hence it is obvious that the quantity of light transmitted by 
any number of films is equal to the light transmitted through 
one film multiplied as often into it^lf as there are films 
Thas, since 900 out of 1000 rays are transmitted by one film 

itX A^ A ®q"*l to TTnnr* ^^ '^ ^Y^ ^^^ ^ ^^ quantity 
transmitted by three films; and therefore the quantiU absorb- 
ed will be S^l raya Of the various bodies which absorb 
light copiously, there are few that absorb all the colored rays 
of the spectrum in equal proportions. While certain clouds 
absorb the blue rays and transmit the red, there are others 
that aSsorb all the rays in equal proportions, and exhibit the 
san and the moon when seen througfh them perfectly white. 
Ink diluted is a fine example of a fluid which absorbs all the 
colored rays in equal proportions ; and it has on this account 
been applied by Sir William Herschel as a darkening sub- 
stance for obtaining a white image of the sun. Black pleon- 
aste and obsidian afiS>rd examples of solid substances which 
absorb all the colors of the spectrum proportionally. 

(86.) All colored transparent bodies, however, whether 
solid or fluid, do not necessarily absorb the colors proportion- 
ally ; fi>r it is only in consequence of an unequal absorption 
that they could appear colored. by transmitted light. In order 

Li 
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to exhibit this absorptive power, take a thick piece of the blue 
glass that is used for finger glasses, and which is sometimeB 
met with in cylindrical rods of about ^ths of on inch in 
diameter, and shape it into the form of a wedge. Form a 
prismatic image of the candle, or, what is better, of a narrow 
rectangular aperture in the window by a prism, and examine 
this prismatic image through die wedge of colored glaak 
Through the thinnest edge the spectrum will be seen neariy 
as complete as before the interposition of the wedge ; but as we 
look at it through greater and greater thicknesses, we ahili 
see particular parts or colors of the spectrum become ftinter 
and fainter, and gradually disappear, while others suffer but a 
slight diminution of their brightness. When the thickness is 
about the twentieth part of an inch, the spectrum will have 
the appearance shown in fig, 68., where the middle R of the 
red space is entirely absoroed, the inner red that is left u 
weakened in intensity ; the orange is entirely absorbed ; tbe 
yellow Y is left ahnost insulated ; the green G on the side of 
Piff,e8. ^^® yellow is very much absorbed; 

' and a slight absorption takes place 

H I ■l " fdong the green and blue space. At 

■ I HU I a ffreater thickness still, the inner 

^ ^^ red diminishes rapidly, and also the 

yellow, green, and blue ; till, at a certain thickness, all the 
middle colors of the spectrum are absorbed, and nothing left 
but the two extreme colors, the red R and the videty, aa 
showii in fig, 69. As the red light R has much greater in- 
jre^ gg tensity than the violet, the glass 

has at this thickness the appearance 
of being a red glass ; whereas at 
- small thicknesses it had the appea^ 
^ ance of being a blue glass. 
Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at another, 
and others at both. Red glasses, for example, absorb the blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs the violet and refrangible blue rays very 
powerfully, and leaves the red, yellow, and green but little 
affected. Sulphate of copper attacks both ends of the spec- 
trum at once, absorbing the red and violet rays with great 
avidity. In consequence of these different powers of absorp- 
tion, a very remarkable phenomenon may be exhibited. If 
we look through the blue glass so as to see the spectrum in 
fig. 69., and then look at this spectrum again with a tliin 
plate of sulphate of copper, which absorbs the extreme rays 
at R and V, the two substances thus combined will be abeo- 
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lately opaque, and not a ray of li^ht will reach the eve. The 
effect is perhaps more stnking if we look at a bright white 
object through the two media together. 

(87.) In attempting to ascertain the influence of heat on 
the absorbing power of colored media, I was surprised to ob- 
■6r?e that it produced opposite effects upon different glasses, 
iMMituAtn^ the absorbing power in some and increanng' it 
in others. Having brought to a red heat a piece of purple 
fhsB, that absorb^ the greater part of the green, the yellow, 
ud the interior or most refrangible red, I held it before a 
itRUg light; and when its red heat had disappeared, I ob- 
nrvra tluLt the transparency of the glass was mcreased, and 
that it transmitted freely the green, the yellow, and the 
interior red, all of which it had rormerly, in a great measure, 
ibscvbed. This efiect, however, gradually dinippeared, and 
it recovered its former absorbent power, when completely 

When yellowish-green glass was heated in a similar man- 
ner, it lost its transparency almost entirely. In recovering its 
gieoi color, it passed throug[h various sbades of olive green; 
but its tint, when cold, continued less green than it was be- 
ftre the ezperinaent A part of the glass had received in 
eooling a polarizing structure, and this part could be easily 
distinffaiBhed from the other part by a dirorence of tint 

A ^ate of deep red glass, which gave a homogeneous red 
hnage oi the candle, became very opaque when heated, and 
acaroelv transmitted the light of the candle after its red heat 
hid subsided. It recover^ however, its transparency to a 
certain degree; but when cold, it was more opaque than the 
piece firom which it was broken. I have observed analogous 
phenomena in mineral bodiea Certain specimens of topaz 
oave their absorbing power permanently changed by heat 
In subjecting the &ias ruby to high degrees of heat, I oh- 
aerved that its red color changed into green, which gradually 
&ded into brown as the cooling advanced, and resumed l^ 
degrees its original red color. In like manner, M. Berzelius 
observed the spinelle to become brovm by heat, then to grow 
opaque as the heat increased, and to pass through a fine olive 
green before it recovered its red color. A remarkable chan£;e 
of abscnrbent power is exhibited by heating very considerabfy, 
bat so as not to inflame it, a plate of yellow native orpiment, 
which absorbs the violet and blue rays. The heat renders it 
almost blood red, in consequence of its now absorbing the 
greater part of the green and yellow rays. It resumes its 
former color, however, by cooling. A still more striking 
eSEBci may be produced with pure phosphorus, which is of a 
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alightly yellow color, trensmittin? freely almort all the ctAfX- 
ed rayfl. When melted, and soddenly cooled, it acquired the 
power of absorbing all the colors of the spectrum at thick- 
nesses at which it formerly transmitted them alL The black- 
ness produced upon pure phosphorus was first observed bj 
Thenaxd. Mr. Faraday observed, that glass tinged purple 
with manganese had its absorptive power altered hy the mere 
transmission through it of the solar rays. 

By the method above described of absorbing particukr 
colors in the epectrum, I was led to propose a new method of 
analyzing white light The experiments with the blue glass 
inccmtestably prove that the orange and green colors in solar 
li^t are compound colors, which, though they cannot be de- 
composed by the prism, may be decomposed by absorption, by 
which we may exhibit alone the red part of the orange and 
the blue part c£ the green, or the yellow part of the orange 
and die yellow part of the green ; and, by submitting me 
other colors of the spectrum to the scrutiny of absrabent 
media, I was led to the conclusions respecting the Bpectram 
which are explained in Chapter YIL 

We have already seen that in the solar spectrum, as de* 
scribed by Fraunhofer, there are dark lines, as if rays of pu^ 
ticular refrangibilities had been absorbed in their course from 
the sun to the earth. The absorption is not likely to have 
taken place in our atmosphere, otherwise the same lines 
would have been wanting in the spectra from the fixed stan^ 
and the njB of solar light reflected frcxn the moon and planets 
would probably have been modified by their atmospheres. 
But as this is not the case, it is probable that the rays which 
are wanting in the spectrum have been absorbed by the sun's 
atmosphere, as Mr. Herschel has supposed. 

(88.) Connected with the preceding phenomena is the sub- 
ject di colored flames, which, when examined by a prism, 
exhibit spectra deficient in particular rays, and resembling 
the solar spectrum examined W colored glasses. Pure hy- 
drogen gas bums with a blue name, in which many of the 
rays of liffht are wanting. The flame of an oil lamp contains 
most of uie rays which are wanting in sun-light Alcohol 
mixed with water, when heated and burned, tSfords a flame 
with no other rays but yellow. Almost dl salts communi- 
cate to flames a peculiar color, as may be seen by introducing 
the powder of these salts into the exterior flame of a candle, 
or into the wick of a spirit lamp. The following results, ob* 
tained by difierent authors, have been given by Mr. He^ 
schel: — 
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Sahs of foda, Homo^neoiu yelbw. 

potash, Pale violet 

lime, Brick red. 

strontia, Bright cfimson. 

— lithia, Red. . 

baryta, Pale apple green. 

— ^-— copper, Bluish green. 

According to Mr. Herschel the muriates succeed best on 
leooant of their volatility. 



CHAP. xvn. 

ON THE DOUBLE BEFBACTTON OF LIOHT. 

(BO.) In the preceding chapters of this work it has always 
been supposed, when treating of the refraction of light, either 
tfanrag^ Bur&ces, lenses, or prisms, that the transparent or re- 
fiicting body had the same structure, the same temperature, 
ud the dame density in every part of it, and in every direc- 
tioD in which the ray could enter it Transparent bodies of 
thii kind are gases, fluids, solid bodies, such as different kinds 
of glass, fermed by fusion, and slowly and equally cooled, and 
a nomerous class of crystallized bodies, the form of whose 
frimitive crystal is the cube, the regular octahedron, and the 
fhomboidal dodecahedron. When any of these bodies have 
the same temperature and density, and are not subject to any 
veBsure,-a single pencil of light incident upon any single sur- 
nce of them, perfectly plane, will be refracted into a single 
pencil according to the law of the sines explained in Chap- 
ter lEL 

In almost all other bodies, including salts and crystallized 
minerals not having the primitive forms above mentioned; 
uumal bodies, such as hair, horn, shells, bones, lenses of ani- 
mals and elastic integuments ; vegetable bodies, such as cer- 
tain leaves, stalks, and seeds ; and artificial bodies, such as 
lesms, ffums, jellies, glasses quickly and unequally cooled, and 
lolid bc»ies having unequal density either from unequal tem- 
poature or unequal pressure ; — in all such bodies a single 
pencil of light incident upon their surfaces will be refracted 
into two d^erent pencils, more or less inclined to one another, 
according to the nature and state of the body, and according 
to the direction in which the pencil is incident The separa- 
tkm of the two pencils is sometimes very great, and in most 
cases easily observed and measured ; but in other cases it is 

L2 
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not visible, and its existence is inferred only from certain 
eflfects which coold not arise except from two refracted poi- 
cils. The refraction of the two pencils is called double re- 
fraction^ and the bodies which produce it are called doubUf 
refracting bodies or cr3rstal8. 

As the phenomena of double refraction were first discovered 
in a transparent mineral substance called Iceland spar^ calco' 
recfiM tpar, or carbonate of limey and as this substance is ad- 
mirably fitted for exhibiting them, we shall begin by explain^ 
ing the law of double refraction as it exists m this mineral 
Iceland spar is composed of 56 parts of lime, and 44 of car- 
bonic acid. It is found in almost all countries, in crystals of 
various shapes, and often in huge masses ; but, whether found 
in crystals or in masses, we can always cleave it or split it 
into shapes Like that represented in fg. 70., which is call^ a 
j»^ ^ rhomb of Iceland spar, a solid bounded by 

six equal and similar rhomboidal surfiicefl^ 
whose sides are parallel, and whose angles 
B A C, A C D are lOP 56' and 78° S'/TSie 
inclination of any face A B C D to any of 
the adjacent faces that meet at A is 10^ &f 
and to any of the adjacent faces that meet 
at X 74'' 55'. The line A X, called the 
axis ofihe rhomb or of the crystal, is equally inclined to etch 
of the six faces at an angle of 45° 23'. Tne angle between 
any of the three edges, BA, CA, EA, that meet at A, of of 
the three that meet at X, and the axis A X is 66° 44' 46", and 
the angle between any of the six edges and the &ces is 118^ 
15' 14" and 66° 44' 46". 

(90.) Iceland spar is very transparent, and generally color- 
less. Its natural faces, when it is split, are commonly even 
and perfectly polished ; but when they are not so, we may, by 
a new cleavage, replace the imperfect face by a better one, or 
'we may grind and polish any imperfect face. 

Having procured a rhomb of Iceland spar like that in the 
figure, with smooth and well polished faces, and so large that 
one of the edges A B is at least an inch long, place one of 
its faces upon a sheet of paper, having a black line MN 
drawn upon it, as shown in Jig, 71. If we then look through 
the upper sur&ce of the rhomb with the eye about R, we 
shaU probably see the line M N double ; but if it is not, 
it will become double by turning the crystal a little round. 
Two Imes, M N, fn ?z, will then be distinctly visible ; and 
upon turning the crystal round, preserving the same side 
always upon the paper, the two lines will coincide with one 
another, and appear to form one at two opposite points during 
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a whole revolution of the crystal ; and at two other appoate 
points^ nearly at n^t angles to the former, the lines will be 
at their greenest di^ance. If we place a black apot at O, or 
a hnninocui apertore, such as a pin-hole in a wafer, with light 
passing throcij^ the hde, the spot or aperture will a|qpear 

Fig. 71. 




dooUe, as at O and E ; and by turning the crystal round as 
befine, the two images will be seen separate in all positi(»B ; 
the one, £, revolving, as it were, round the other, O. 

Let a ray or pencil of light, R r, fall upon the surfiu^ of 
the rhomb at r, it will be rSracted by the action of the su^• 
&ce into two pencils, r O, r E, each of which, being again 
refracted at the second surface at the points O, E, wUl move 
in the directions O o, E e, parallel to one another and to the 
incident ray R r. The ray R r has therefore been doubly re- 
fiaeted by the rhomb. 

If we now examine and measure the angle of refiraction of 
the ray r O oorrespcoiding to difierent angSs of incidence, we 
fifaall find that, at 0^ of incidence, or a perpendicular inci^ 
dence, it suffers no refraction, but moves straight through the 
crystal in one unbroken line ; that at all other angles of inci- 
dence the sine of tlie angle of refraction is to that of inci- 
dence as 1 to 1*654 ; and that the refracted ray is always in 
the flame plane as that of the incident ray. Ilence it is ob- 
vious that the ray r O is refracted according to the ordinary 
law of refraction, which we have already explained. If we 
DOW examine in the same way the ray r E, we shall find that, 
at a perpendicular incidence, or one of 0°, the angle of re- 
fhictioD, in place of being 0°, is actually 6° 12' ; that at other 
incidences the angle of refraction is not such as to follow the 
constant ratio of the sines ; and, what is still more extraordi- 
nary, that the refracted ray r E is bent to one side, and lies 
enturely out of the plane of incidence. Hence it follows that 
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the pencil r E is refracted according to some new and extnr 
ordinary law of refraction. The ray r O is therefore called 
the ordinary ray, and r E the extraordinary ray. 

If we caose the ray R r to be incident m various difierent 
directions, either on the natural &ce8 of the rhomb or on 
faces cut and polished artificially, we shall find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil passes, it is not refracted into two pencils, or 
does not suffer double refraction. In other crystals there are 
two such directions, forming an angle with each other. In the 
former case the crystal is said to have one axis of double re- 
fraction, and in the latter case two axes of double refrraction. 
These lines are called axes of double refraction, because the 
phenomena are related to these lines. In some bodies there 
are certain planes, along which, if the refracted ray passes, it 
experiences no double refraction. 

An axis of double refraction, however, is not, like the axis 
of the earth, a fixed line within the rhomb or crystal. It is 
only a fixed direction : for if we divide, as we can do, the 
liiomb ABC, fig, 70., into two or more rhombs, each of these 
separate rhombs wiU have their axes of double refracti<Hi; but 
when these rhombs are again put together, their axes will be 
all parallel to A X. Every line, therefore, within the rhomb 
parallel to A X, is an axis of double refraction ; but as these 
lines have all one and the same direction in space, the crystal 
is still said to have only one axis of double refraction. 

In making experiments with dififerent crystals, it is found 
that in some the extraordinary ray is refracted towards the 
axis A X, while in others it is refracted from the axis A X 
In the first case the axis is called a positive axis of double 
refraction^ and in the second case a negative axis of dotAle 
refraction. 

On Crystals with one Axis of Double Refraction. 

(91.) In examining the phenomena of double refraction in 
a great number of crystallized bodies, I found that all those 
crystals whose primitive or simplest form had only one axis 
of figure, or one pre-eminent line round which the figure was 
enrmmetrical, had also one axis of double refraction ; and that 
their axis of figure was also the axis of double refraction. The 
primitive forms which possess this property are as follows : — 

The rhomb with an obtuse summit 
The rhomb with an acute summit. 
The regular hexahedral prism. 
The octohedron with a square base. 
The right prism with a square base. 
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(92.]) The following Table contains the crystals which have 
ooe axis of double renraction, arranged under their respective 
primitive fbnas, the sign + being prefixed to those that have 
poriHve double re&actKm, and — to those that have negative 
doable xefiractioiL 



Jig.TL 





J^.74. 



i<SX>i 



t 



L Rhomb toUh oUuse tummit^ fig, 72. 



— Gaibonate of lime (Iceland 

— Caibomate of lime and iron. 
— CStzbonate of lime and mag^ 



— Phosphato-araeniate 
— Caibonate of zinc 
—Nitrate of soda. 



— ^Phosphate of lead. 
— ^Ruby silver. 
— Levyne. 
— ^Tourmaline. 
— ^Rubellite. 
— ^Alum stone. 
— ^Dioptase. 
— Quartz. 



2. Bhomb with acute numnit, fig, 73. 



— Cinnabar. 

— ^Arseniate of copper. 



—^CSomndinxL 

d. Regular Hexdhedral Prisma fig. 74 



— 'l&nenld. 

— BeryL 

— Imiphate of lime (apatite). 



— ^Nejrfieline. 

— ^Arseniate of lead. 

+ Hydrate of magnesia. 



4. Octahedron with a square hose, fig, 75. 



-fZiroGou 
-fOzideof tin. 
-fTungstate of lime. 
-MelSte. 



— ^Molybdate of lead. 
— Octohedrite. 
— ^Prussiate of potash. 
— Cyanide of mercury. 
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5: Right Pritm toitk a square base, Jig, 76. 



— ^Wemerite. 

— ^Paranthine. 

— Meionite. 

— Somervillite. 

— ^Edingtonite, 

— ^Arseniate of potasL 

— Sub-phosphate of potash. 

— ^Phosphate of ammonia and 



— Sulphate of nickel and cop- 
per. 

— ^Hydrate of strohtia. 

+Apophyllite of Otoe, 

4-Oxahverite. 

•fSupemcetate of copper and 
lime. 

+Titanite. 

4- Ice (certain crystals).'. 



magnesia. 

In all the preceding crystals, and in the primitive finms to' 
which they belong, the line A X is the axis of figure and d 
double refraction, or the only direction along wmch there is 
no double refraction. 

On the Law of Double Refraction in Crysttdswith'one 

Negative Axis. f' 

(98.) In order to give a familiar explanation c^ the law of 
Fig. 77. double refraction, letus (boppose* 

that a rhomb of Iceland- $piur & 
turned in a lathe to the fbrm of 
a sphere, as shown in fig. 77., 
A X being the axis of both the 
rhomb and the sphere. 

If we no w make a ray pass akog 
the axis A X, afler grinding or 
polishing a small flat surface at 
A and X, perpendicular to A X, we shall find that there is no 
double refraction; the ordinary and extraordinary ray finrming 
a single ray. Hence, 

The index of refraction along ) 1*654 for ordinary ray. 
the axis A X will be - J 1-654 for extraordinary ray 




0*000 difierence. 
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If we do the same at any point, a, about 45^ &om the axis, 
Rre shall have 

rbe index of refiraction along the line ^ 1*654 for ordinarv lay. 
R 6 O, which is nearly perpen- > 1*572 for extraordinary 
dicular to the &ce of the rhomb, ) '^7* 

0.082 difference. 

If we do the same at any point of the equator C D, in- 
tined 90^ to the axis, we shall have 
The index of refraction per- ) 1*654 for ordinary ray. 
pendicular to the axis, ) 1.483 for extraordinary ray. 

0*171 difference. 

Hence it follows that the index of extraordinary refraction 
^creases from the axis A X to the equator C D, or to a line 
srpendicular to the axis, where it is the least The 
dex of extraordinary refraction is the same at all equal 
igles with the axis A X ; and hence, in every part of a cir- 
e described on the surface of the sphere round ue pole A or 
, the index of extraordinary refraction has the same value, 
id consequently the double refraction or separation of the 
;y8 will be the same. In crystals, therefore, with one axis 
' double refraction, the lines of equal double refraction are 
rdes parallel to the equator or circle of greatest double 
fraction. 

The celebrated Huygens, to whom we owe the discovery 
' the law of double refraction in crystals with one axis, has 
ven the following method of determining the index of ex- 
aocdmary refraction at any point of the sphere, when the 
.y of light is incident in a plane passing through the axis of 
le ciyatal AX: — 

Let it be required, for example, to determine the index of 
Iraction for the extraordinary ray R a 6, Jig, 77., A X being 
e axis, and C D the equator of the crystal ; the ordinary 
dex of refraction being known, and also the least extra- 
dinary index of refraction, or that which takes place in the 
[uator. In calcareous spar these numbers are 1*654 and 
483. From O set off in the lines O C, O D continued, O c, 
d, so that OCorODistoOcorO<?as j,^^^ is to y.^sj* 
as *604 is to -674 ; and through the points A, c, X, d, draw 
1 ellipse, whose greater axis is c d, and whose lesser axis is 
X. The radius O a of the ellipse will be what is called 
e reciprocal of the index of refraction at a ; and as we can 
id O a, either by projecting the ellipse on a large scale, or 
calculation, we have only to divide 1 by O a to have that 
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index. In the present case Oak *696, and .^ is equl to 
1*572, the index required. 

As the index of extraordinary refraction thos fooad always 
diminishes from the pele A t^the equator CD, and is alwayi 
equal to the index dT ordinary refinctkn mmum •nother 
quantity depending on the difference between the radii of the 
circle and those of the ellipse, the crystals in which thu 
takes place may be properly said to have negative dmiUe 
refraction. 

In order to determine the direction of the extraordiiMii]! 
refracted ray, when the plane of incidence is ohliqae to a 
p^lane passing through the axis, the process, either by pngeo' 
tion or calculation, is too troublesome to be given in an de- 
mentary work. 

In every case the ferce which produces the doable reftaC' 
tion exerts itself as if it proceeded frran the axis. 

Every plane passing through the axis is called a p r mdf d 
section of the crystal 

On the Law of Double Refraction m Cfryetdls with one 

Positive Axis. 

(94.) Amonff the crystals best fitted for exhibiting the 

phenomena of positive double refraction is rock crystal at 

qmtrtz, a mineral which is generally found in six-skiei 

Fig. 78. pnJBms, like Jig, 78., terminate with six-sided pyrt* 

I mids, E, F. 

If we now grind down the summits A and X 
and replace them by faces well polished, and pe^ 
pendicular to the axis AX; and if we transmit a 
ray through these faces, so that it may pass alcng 
the axis A X, we shall find that there is no doable 
refraction, and that the index of refraction is ti 
•^ follows: — 

Index oi refraction along ) 1*5484 for ordinary ray. 
the axis AX - - J 1-5484 for extraordinary ray 

0*0000 difference. 

If we now transmit the ray perpendicularly through tfae 
parallel faces E F, which are inclined 38° 20' to the axis AX, 
the plane of its incidence passing through A X, we shall 
obtain the following results : — 
Mex of refraction perpen- 1 ^.g^g^ f^, ^^. 

dicular to the fiicee of ^ ^.^^ j. extraorainaJy wy. 
the pyramid - • - 3 

00060 difference. 
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In like manner, it will be fi)und that when the ray passes 
perpendicQlarly through the faces C D, perpendicular to the 
ixis A X, the index of extraordinary refraction is the 
greatest, viz. ^ 

^irt^^rf^rs?] 1-^ ^^ ^"^^^ «y- 

the prism CD - - ^ 15582 for extraordinary ray. 

0*0096 difference. 
Hence it appears that in quartz the index of extraordinary 
refiactioQ increases from me pole A to the equator C D, 
idiereas it dimimshed in calcareous spar, and the extraoidi- 
my ny appears to be drawn to the axi& 

m tfajs case the variation of the index of extraordinary 
refiacticMi will be represented by an ellipse, A e X li^ whose 

greater axis coincides with the axis 
A X of double refraction, ajsi in fig. 
79., and O C will be to Oc as t.tot 

'^ to ttW* ^^ ^ '^^^ ^ to '64ia 
By determmin^, therefore, the radius 
O a of the ellipse for any ray R 6 a, 
and dividing 1 by it, we shall have 
the index of extraordinary refraction 
for that ray. 

Ab the index of extraordinary refraction is always equal to 
the index of ordinary refraction, plus another quantity de- 
pending on the difference between the radii of the circle and 
the eUipse, the crystals in which this takes place may prc^ierly 
be said to have positive double refiraction. 

On Crystals with two Axes of Double Refraction, 

(95.) The great variety of crystals, whether they are 
mineral bodies or chemical substances, have two axes of 
double refraction, or two directions inclined to each other 
along which the double re&action is nothing. This property 
of possessing two axes of double refraction I discovered in 
1815, and I found that it belonged to all the crystals which 
are included in the prismatic system of Mofas, or whose 
primitive forms are, 

A right prism, base a rectangle. 

base a rhomb. 

base an oblique parallelogram. 

Oblique prism, base a rectangle. 
■ base a rhomb. 

base an oblique parallelogram. 

Octofaedron, base a rectangle 
' ■ base a rhomb. 

M 
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In all these primitive forms there is not a single preemi- 
nent line or axis about which the figure is symmetricaL 

The following is a list of some of the most important crys- 
tals, with their primitive forms according to Haiiy, and the 
inclination of the two lines or axes along which there is no 
double refraction : — 

Glauberite - - - 2^ or 3^ Oblique prism, base a ihomb. 

Nitrate of potash - 5° 20' Octohedron, base a rectangle, 

Arragonite - - - 18 18 Octohedron, base a rectangle. 

Sulphate of baryta - 37 42 Right prism, base a rectangle. 

Mica . . - - - 45 Right prism, base a rectangle. 

Sulphate of lime - 60 j "^^^g^^ - "^ 

Topaz .... 65 Octohedron, base a rectangle. 
Carbonate of potash 80 30 Prismatic system of Mohs. 
Sulphate of iron - 90 Oblique prism, base a rhomb. 

In crystals with one axis of double refraction, the axis has 
the same position whatever be the color of the pencil of light 
which is used ; but in crystals with ttoo axes, the axes cfaa^;e 
their position according to the color of the light employed, so 
that the inclination of the two axes varies with dU^rently 
colored rays. This discovery we owe to Mr. Herschel, wui 
found that in tartrate of potash and soda (Rochelle salti) 
the inclination of the axis for violet light was about 56^, 
while in red light it was about 76^. In other crystals, such 
as nitre, the inclination of the axes for the violet rays is 
^eater than for the red rays ; but in every case the line 
joining the extremity of the axes for all the different rays is 
a straight line. 

In examining the properties of Glauberite, I found that it 
had two axes for red light inclined about 5°, and only one 
axis for violet light. 

It was at first supposed that in crystals with two axes, one 
of the rays was refracted according to the ordinary law of the 
sines, and the other by an extraordinary law ; but Mr. Fresnel 
has shown that both me rays are refracted according to kwB 
of extraordinary refraction. 

On Crystals with innumerable Axes of Double Refraction. 

(96.) In the various doubly refracting bodies hitherto men- 
tioned, the double refraction is related to one or more axes; 
but I have found that in analcime there are several planes^ 
along which if the refracted ray passes, it will not sufe 
doulSe re&action, however varbus be the directions in whieh 
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it is incident Hence we may consider each of these planes 
as containing an infinite number of axes of double refraction, 
or rather lines in which there is no double refraction. When 
the ray is incident in any other direction, so that the refracted 
ny is not in one of these planes, it is divided into two rays 
by double refraction. No other substance has yet been found 
poaseasing the same property. 

On Bodies to which Dovble Refraction may he communicated 
by Heatf rapid Coolings Pressure, arid Induration, 

(87.) If we take a cylinder of glass, C D, fig, 80., and 
t\g, 80. having brought it to a red heat, roll it along a plate 
of metal upon its cylindrical surface till it is cold, it 
will acquire a permanent doubly refracting struc- 
ture, and it will become a cylinder with one positive 
^ axis of double refraction, A X, coinciding with the 
axis of the c^rlinder, and along which there is no 

y double refraction. This axis differs from that in 
quartz, as it is a fixed line in the cylinder, while it 
is only a fixed direction in the quartz ; that is, any 
odier line parallel to A X, fig, 80., is not an axis of double 
nfiaction, but the double relraction along that line increases 
•8 it approaches the circumference of the cylinder. The 
double refraction is a maximum in the direction C D, being 
eqoal in every line perpendicular to the axis, and passing 
tmt)u^h it 

I^ instead of heatin? the glass cylinder, we had placed it 
in a vessel and surrounded it with boiling oil or boiling water, 
it would have acquired the very same dcubly refracting' struc- 
tore when the heat had reachea the axis A X ; but this struc- 
ture is only transient, as it disappears when the cylinder is 
uniformly heated. 

If we had heated the cylinder uniformly in boiling oil, or at 
a fire, so as not to soften the glass, and had placed it in a cold 
fluid, it would have acquired a transient doubly refracting 
stmctore as before, when the cooling had reached the axis 
A X ; but its axis of double refraction A X will now be a 
negative one, like that of calcareous spar. 

Analogous structures may be produced by pressure and by 
the induration of sofl solids, such as animal jellies, isinglass, &c. 

If the cylinder in the preceding explanation is not a circular 
one, but has its section perpendicular to tlie axis everywhere 
an ellipse in place of a circle, it will have two axes of double 
refraction. 

In like manner, if we use rectangular plates of glass in- 
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gtead of cylinders in the preceding experiments, we sball have 
plates with two planes of douUe refiraction ; a positive struc- 
ture being on one side of each phine, and a negative one oq 
the other. 

If we use perfect spheres, there will be axes of doable re- 
fraction along every diameter, and consequently an infinitB 
number of them. 

The crystalline lenses of almost all animals^ whether they 
are lenses, spheres, or spheroids, have one or more 9XBB a 
double refraction. 

All these phenomena will be more fully explained when we 
treat of the colors produced by double re&action. 

On Substances wkh Circular Double Refraction. 

(96.) When we transmit a pencil of liriit alonff the axil 
A X, fig. 78., of a crystal of quartz, it sulfers no aouUe re- 
fraction; but certain phenomena, which will be afterwards 
described, are seen alon? this axis, which induced M. Fresoel 
to examme the light which passed along the axis. He foapd 
that it possessed a new kind of double refraction, and he dis- 
tinctly observed the refraction of the two pencils. This kinj 
of double refraction has, from its properties, been caUed etr- 
cular; and it is divided into two landsj— positive or ri^t- 
handed, and negative or left-handed. 

The following substances possess this remarkable prop 
erty:— 

Positive Substances. Negative Substances. 

Rock crystal, certain speci- 
mens. 

Camphor. 

Oil of turpentine. 

Solution of camphor in al- 
cohol. 

£286ential oil of laurel. 

Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst possessed in the same crystal both the positive and 
the negative circular double refraction. This subject will be 
more mlly treated when we come to that of circular pdat' 
ization.* 

* For the formule referring to certain of the articles of this and <tf tin 
■ulweqaent chapter, lee (in the CkiUege edition,) Appendix of Am. adi, 
Chap. VL 



Rock crjTstal, certain speci- 
mens. 
Concentrated syrup of sugar. 
Essential oil of lemoo. 
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CHAP. xvm. 

ON THB POLARIZATION OF UOHT. 

Ip we transmit a beam of the sun's light through a circular 
aperture into a dark room, and if we reflect it from any cr3r&- 
tdlized or nncrystallized body, or transmit it tlumtgh a thin 
jdate of either oi them, it will be reflected and transmitted in 
tbe very same manner and with the same intensity, whether 
the sorrace of the body is held above or below the b^un, or on 
the ri^t side or left, or on any other side of it, provided that 
in all these cases it falls upon the surface in the same manner ; 
or, what amounts to the same thing, the beam of solar light 
iw tlie same properties on all its sides; and this is true, 
irhether it is white light as directly emitted from the sun, or 
vfaedier it is red light, or light of any other color. 

The same property belong to light emitted from a candle, 
or any burning or self-lummous l»dy, and all such light is 
eaOea common light A section of such a beam of li^ht will 
be ft circle, like A C B D, Jig. 81., and we sludl distinguish 

Fig. Sh 




the section of a beam of common light by a circle with two 
diameters, A*B, C B, at right angles to each other. 

If we now allow the same beam of li^ht to &I1 upon a 
fliomb of Iceland spar, as in Jig. 71., and examine the two 
MFcular beams O o, E e, formed by double refin^ction, we shall 
ind, 

1. That the beams O o, E e, have diflerent properties on 
liferent sides ; so that each of them differs, in this respect, 
torn the beam of common light 

2. That the beam O o differs from E c in nothing, excepting 
tat the former has the same properties at the sides A' and B' 
lat the latter has at the sides C and D', as shown in Jig. 81. ; 
*, in general, that the diameters of the beam, at the extremi- 
es or which the beam has similar properties, are at right 
lo'les to each other, as A' B' and C D', for example. 

M2 
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These two beams, O o, E e* J^* 81., are therefixre sud to \ 
be polarized, or to be beams of polarized light, becanse they 
have sides or poles of different properties ; imd planes pasnng 
through the Imes A B, C B, or A' B', C D', are said to be the * 
planes of polarization of each beam, because they have the 
same prop^ly, and one which no other plane passing throogh 
the b^m possesses. 

Now, it is a curious &ct, that if we cause the two polaiixed 
beams O o, E e to be united mto one, or if we produce then 
by a thin plate of Iceland spar, which is not capable of sepik' 
rating th^oti, we obtain a beam which has esoiGtly the some 
propertues as the beam A B C D of common light 

Hence we infer, that a beam of common light, ABCD^ 
consists of ttoo beams of polarized li^ht, whose planes of po- 
larization, or whose diameters of smiilar properties, are at 
ri^ht angles to one another. If O o is laid upon E f^ it 
will produce a figure like A B C D, and we, therefixre^ n- 
present common light l]n^ such a figure. If we place 
above E e, so that me pjanes of polarization A' B' and CD' 
coincide, then we shall have a beun of polarized light twice 
as luminous as either Oo or Ee, and possessing ezMl^ 
the same properties ; for the lines of similar property in the 
one beam coincide with the lines of similar properly in the 
other. 

Hence it follows that there are three ways of converting a 
beam of common light, A B C D, into ^ beam or beams of po- 
larized light 

1. We may separate the beam of common light, A B C Di 
into its two component parts, O o and E e. 

2. We may turn round the planes of polarization, A B, C Di 
till they coincide or are parallel to each other. Or, 

3. We may absorb or stop one of the beams, and leave the 
other, which will consequently be in a state of polarization. 

The first of these methods of producing polarized light is 
that in which we employ a doubly refracting crystal, which 
we shall now consider. 

Pn the Polarization of Light by Double Refraction, 

(99.) When a beam of light suffers double refiractioa fay 
a negative crystal, as Iceland spar, Jig, 71., where the ray 
R r is incident in the plane of the principal sectkni, or, wb^ 
is the same thing, in a plane passing through the azia, the two 
pencils r O, r £ are each polarized ; the plane of polariatiaD 
of the ordinary ray, r O, coinciding with the principal sectioOf 
and the plane of polarization of the extraordinary ray, r E^ heiDf^ 
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at right angles to the principal section. In fig. 82., if O he 
mde todei^ a section of the ordinary beuoa r O, fi^. 7L, £, 
the diameter <^ which is drawn at right angles to t&t of O, 
win represent a section of the extraordinary beam r K 



^.82. 



^.83. 



O X 

0)0 





If the beam of light R r is incident upon a |Mwtfioe ciystal, 
like quartz, O cSfy. 8S., will be the symbol of the ordinary 
ny, and £ that of ue extraordinary ray. 

The i^enomena which arise from this qpposite polarization 
cf the two pencils may be well seen in Iceland spar. For this 
mupose let A r X be the principal section of a riKxnb of Ice- 
iuu qMur, fig. 84, throogh the axis A X, and perpendicular 
to Goe of the &ce8, and let A' F X' be a similar section of an- 
cdier rhomb, all the lines of the one being parallel to all the 
lines of the other. A ray of light, R r, incident perpendico- 
hrly at r, will be divided into two pencils ; an ordinary one, 
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pD, and an extraordinary one, r C. The ordinary ray fidling 
OB the second cr^rtal at G, again suffers ordinary redaction, 
ad emerges at K an ordinary ray, O o, represented by tiie 
REobol O, fig. 82. In like manner the extraordinary ray, r C, 
■Uing on tiie second crystal at F, again sufiers extraordinary 
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Refraction, and emerges at H an eztraordinary ny, E e, repre- 
sented by E, fy, 82. These results are exactly the same as if tl» 
two crystals had formed a single crystal by bemg united at their 
sur&ces C X, A' G, either by natural cohesion or by a cement 

Let the upper crystal A X now remain fized^ with the same 
ray R r falling upon it, and let the second crystal A' X' be 
turned round 90°, so that its principal section is perpendicular 
to tl^ cf the upper one, as shown in Jig, 85. ; then the ray 
r D ordinarily refracted by the first rhomb will be extraordi- 
nariiy refi'acted by the second, and the ray r C extraordinarily 
refracted by the first rhomb will be ordinarily refracted by the 
second. 

The pencils or images formed from the rtiy R r, in the two 
positions shown in figs. 84. and 85., may be thus described as 
marked in the figures : — 

O is the pencil refracted ordinarily by the first rbomh. , 
£ is the pencil refracted extraordinarily by the first rhombi 
o is the pencil refiracted ordinarily by the second rhomb. 
€ is the pencil refracted extraordinarily by the Meoomi 
rhombi 

O is the pencil refracted ordinarily by both Tbomhs id 
^.84, 

£ e is the pencil refracted extraordinarily by both rixmbs 
in ^.84. 

O e is the pencil refracted ordinarily by the first, and ex- 
traordinarily by the second rhomb in Jig. 85. 

£ is the pencil refracted extraordinarily by the first, and 
ordinarily by the second rhomb in fig. 85. 

In both the cases shown in figs. 84. and 85., when the 
planes of the principal sections of the two rhombs are either 
parallel, as in fig. 84., or perpendicular to each other, as in 
fig. 85., the lower rhomb is not capable of dividing into two 
any of the pencils which fall upon it ; but in every other po- 
sition between the parallelism and tiie perpendicularity of the 
principal sections, each of the pencils formed by the first 
rhomb will be divided into two by the second. 

In order to explain the appearances in all intermediate po- 
sitions, let us suppose that the ray R r proceeds from a round 
aperture, like one of the circles at A, fig. 86., and that the 
eye is placed behind the two rhombs at H K,fig. 84., so as to see 
the images of this aperture. Let the two images shown at A, jl^g". 
86., be the appearance of the aperture at H, seen through one of 
the riiombs by an eye placed behind C D,fig. 84., then l^^- 86., 
will represent the ima^s seen through me two rhombs m the 
position in fig. 84., their distance being doubled, from suffering 
the same quantity of douUe refraction twice. If we now turn 
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the Becood rhombs or that nearest the eye, from left to ri^ht, 
two fiunt images will appear, as at C, between the two bright 
QDea, which will now be a little &inter. By continuing to 

Fig. 96. 
ABCD £FGHI K 
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tum, the fi)ur images will be all equally luminous, as at D ; 
they will next appear as at E ; and when the second rhomb 
his moved round 90^, as in Jig. 85., there will be only two 
imgeB of equal Inrightne^ as at F. Continuing to tum the 
seeond rfaonm, two &int images will appear, as at G; by a 
fiuther rotation, they will be all equally bright, as at H; 
fiurther on they wHI become unequal, as at I ; and at 180^ of 
rsvolution, when the planes of the principal section are again 
puallel, and the axes A X, A' X' at right angles nearly to 
each other, all the images will coalesce into one bright image, 
as at S^ having double the brightness of either of those at A, 
B^ or F, and four times the brightness of any one of the four 
itDandH. 

If we now follow any one of the images A, B from the po- 
gtkNi in ^. 84., where the principal sections are inclined 0° 
bo one anomer, to the position in fig, 85., where it disappears 
It F, we shall find that its brightness diminishes as the square 
:^ the cosine of the an^le formed by the principal sections^ 
vhile the brightness or any image, from its appearance be- 
tween B and C, fig, 86^ to its greatest brightness at F, in- 
neases as the square of the sine of the same angle. 

By considering the preceding phenomena it will appear, 
Jial wh^iever me plane of polanzation of a polarizea ray, 
vfaether ordinary or extraordinary, comcides with or is parallel 
o the principal section, the ray will be refracted ordmarily ; 
lad wnenever the plane of polariza1;ion is 'perpendicular to 
he principal section, it will be refracted extraordinarily. In 
lU intermediate positions it will sufier both kinds of refraction, 
lad will be doubly refracted ; the ordinary pencil bein^ the 
iri^test if the plane of polarization is nearer the position of 
Mzallelism than that of perpendicularity, and the extraordi- 
Huy pencil the brightest if the plane of polarization is nearer 
he position of perpendicularity than that of parallelism. At 
sqnal distances from both these positicms, the ordinary and ex- 
raordinaiy images are equally bright 
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(100.) It does not appear from the preceding experimentB 
that the polarization of die two pencils is the e&et of any po- 
larizing force resident in the Iceland spar, or of any change 
produced upon the light The Iceland spar has mo^y sep** 
rated the common light into its two elements, according to a 
different law, in the same manner as a prism separates aU 
the seven colors of the spectrum horn the campoaod white 
heam by its power of remicting these elementary cqIotb ib 
different de^ees. The re-union of the two oppositely po- 
larized pencils produces common light, in the same manner as 
the re-union of all the seven colors produces white light 

The method of producing polarized light by double refiac- 
tion is of all others the best, as we can procure by this means 
firom a given pencil of light a stronger polarized beam than in 
any other way. Through a thickness of three inches of Ice* 
land spar we can obtain two separate beams of polarized light 
one third of an inch in diameter ; and each of these beuns 
contains half the light of the orimnal beam, ezceptiiig the 
small quantity of light lost by reflexion and absorptioD. By 
sticking a black wafer on the spar opposite either of these 
beams, we can procure a polarized beam with its plane of po* 
larization either in the principal section or at right angles to 
it In all experiments on this subject, the reader should re- 
collect that every beam of polarized light, whether it is pro- 
dnced by the ordinary or the extraordmary re&action, or by 
positive or negative crystals, has always the same propertieB^ 
provided the plane of its polarization has the same directica 



CHAP. XIX.* 

ON THE POLARIZATION OF LIGHT BY REFLSXIOH. 

(101.) In the year 1810, the celebrated French philosopher 
M. Malus, while looking through a prism of calcareous spar 
at the light of the settmg sun reflected from the windows of 
the Luxembourg palace m Paris, was led to the curious dis* 
covery, that a beam of light reflected from glass at an angle 
of 56^, or from water at an angle of 53°, possessed the yen 
same properties as one of the rays formed by a rhomb of cal 
careous spar ; that is, that it was wholly polarized, having ita 
plane of polarization coincident with or parallel to the juane 
of reflexion. 

* For the fonnule relating to this chapter, see (in the College editionO 
Appeudiz of Am. ed., Chap. YI. 
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This moBt carious and important fact, which he found to be 
true when the light was reflected from all other transparent 
or opaque bodies, excepting metals, gave birth to all those difr* 
ooveries which have, in our own day, rendered this branch ci 
kDowledffe one c^ the most interesting, as well as one of the 
most peirect, oi the physical sciences. 

In order to explain this and the other discoveries of Mains, 
let G D^ Jig» 87., be a tube of brass or wood, having at one end 
of it a plate of glass. A, not quicksilvered, and capable of 




tmuDff round an axis, so that it may form different angles 
with t&e axis of the tube. Let D G lie a similar tube a little 
nailer than the other, and carrying a similar plate of ^lass B. 
If the tube D G is pushed into U B, we may, by turmng the 
one or the other round, place the two glass plates in any po- 
■tini in relation to aae another. 

Let a beam of light, R r, from a candle or a hole in the 
window-fihutter, fall upon the glass plate A, at an angle of 56^ 
45^ ; and let the glass be so placed that the reflected ray r s 
may pass along the axis of the two tubes, and &11 upon the 
BBcond plate of glass B at the point s. If the ray r 9- falls 
moQ the second plate B at an angle of 56° 45' also, and if the 
fkne of Flexion from this plate, or the plane passing through 
tE and « r, is at right angles to the plane or reflexion from 
the first plate, or the plane passing through r R, r «, the ray r s 
wSl not mffer reflexion from B, or v/iSi. be so famt as to be 
nazcely visible. The very same thing will happen if r » is a 
lay pohurized by double renraction, and having its plane of po- 
lariziBLtiaa in the plane passing through r R, r 5. Here then 
we have a new proper^ or test of polarized light, — that it 
will not suffer reflexion from a plate of glass B, when incident 
at an angle of 56° 45', and when the plane of incidence or re- 
flexion is at right angles to the plane of polarization of the 
ray. If we now turn round the tube D G with the plate B, 
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without moving the tube C D, the last reflected Tay « E will 
become brighter and brighter till the tube has been turnei 
round 90°, when the plane of reflexion flxim B is ooinddent 
with or parallel to that from A. In this pooition the reflected 
ray « £ is brightest By continuing to turn the tube D 6, the 
ray s E becomes fiiinter and fiiinter, till, after being tonied 00'' 
fairther, the ray « £ is ^intest, or nearly vanishes, whidi hap- 
pens when the plane of reflexion from B is perpendicular to 
that from A. After a farther rotation of 90°, the rey $ E wiU 
recover its greatest bri^tness ; and when, by a stdl fiirther 
rotation of 9^°, the tube D G and plate B are brought back mto 
their first position, the my sE will again disappear. These 
efiects may be arranged in a table, as rollows : — 



lariiiMlKMi ot the plaiieri of Ui« two n-fleziona, or the 
l»lBiiMBrimilrtlS,orMimnth«of theplMBf r«K. 



90O 

At anglef between 0(P and 180o 
180O 

At angles between ISQO and 270o 
270O 

At angles between 270o and 360o 

aeoooroo 

At angles between QP and 90o . 
I90O 



Sutti or brightiMM of Um 
ttom the Mcoad ptato lb 



or njfB 



dGarcdy viaiUe 

TIm imagegrowi brighter and feri^ita 

Brightest 

The image nrrowi fkinter and fluatn 

Scarcely visible 

The iinagegrows bri^ter andbrigfatef 

Brightest 

The image ^ws fkinter and Ikidtar 

Scarcely visible 



If we now substitute in place of the ray r s one of the po- 
larized rays or beams formed by Iceland spar, so that its pkuM 
of polarization is in the plane R r 9, it will experience the 
ver3r same changes as the ray R r does when polarized l^ re- 
flexion from A at an angle of 56° 45'. Hence it is manifest, 
tliat a ray reflected at 56° 45' fl^m glass has all the propertieB 
of polarized light as produced by double refraction. 

(102.) In the preceding observations, the ray R r is sup- 
posed to be reflected only from the first surface of the fflaa; 
but Malus found that the light reflected from the eecoiM sin^ 
&ce of the glass was polarized at the same time with that re- 
flected from the first, althoagh it obviously sufllbrs reflexkn at 
a different angle, viz. at an angle equal to the angle of rd&ao- 
tion at the first surface. 

The angle of 56° 45', at which light is polarized by re- 
flexion from glass, is called its maximum polarizing angle, be- 
cause the greatest quantity of light is polarized at that angle; 
When the light was reflected at angles greater or leas &n 
56° 45', Malus found that a portion of it only was polarized, 
the remaining portion possessing all the properties of common 
li^it The polarized portion diminished as the angle of inci- 
dence receded on eiUier side from 56° 45', and was nothing at 
0°, or a perpendicular incidence, and also nothing at 90^* or 
the most oblique incidence. 
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In continuing his experiments on this subject. Mains found 
that the angle of maximum polarization varied with different 
bodies ; sna^ after measuring it in various substances, he con- 
eluded that it follows neither the order of the refractive 
fowerw nor that of the dispersive powers, but that it is a prop' 
€rty qf bodies independerit of the other modes of action which 
A^ exercise upon light. Ailer he had determined the angles 
miaer which complete polarization takes place in different 
liodies^ such as ^lass and water, he endeavored to ascertain the 
ngle at which it took place at their separating surfaces when 
m^ were put in contact In this inquiry, however, he did 
not succeed ; and he remarks, *' that the law according to 
which this last angle depends on the first two remains to be 
determined." 

If a pencil or beam of light reflected at the maximum po- 
hiizing angle from slass and other bodies were as completely 
polarized as a pencil polarized by double refraction, then the 
two pencils would have been equally invisible when reflected 
finn the second plate, B, at the azunuths (K)^ and 270^ ; but 
this is not the case : the pencil polarized by double refraction 
wmaihes entirely when it passes through a second rhomb, even 
if it is a beam of the sun*s direct light ; whereas the pencil 
polarised by reflexicm vanishes only n its light is faint, and if 
die plates A and B have a low dispersive power. When the 
flm'a light is used, there is a large quantity dT unpolarized 
]k|ht^ a£id this unpolarized light is greatly increased when the 
pbtea A and J3 have a high dispersive power. This curious 
and most important &ct was not observed by Malu& 

A very pleasing and instructive variation of the general ex- 
periment shown m fig, 87. occurred to me in examining this 
aobiect IC when the plates of glass A and B have the position 
mwxi in the figure where the luminous body from which the ray 
«£ proceeds is invisible, we breathe gently upon the plate B, 
tte ray ' E will be recovered, and the luminous body from 
iriuch it proceeds wUl be ipstantly visible. The cause of this 
IB obvkms : a thin film of water is deposited upon the glass by 
lieathing, and as water polarizes light at an angle of about 
68^ 11', the glass B should have been inclined at an angle of 
66^ 11' to the ray r «, in order to be incapable of reflecting the 
polarixod ray ;* but as it is inclined 56° 45' to the incident ray 
fi, it has the power of reflecting a portion of the ray r s. 

If the glass B is now placed at an angle of 53° 11' to the 
iiy r «, it will then reflect a portion of the polarized ray r « to 

• 

*We neglect tbe connderation of the separating lurface of the water 
udfUaa, and rappoee the glass B to be opaque. 

N 
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the eye at E ; but if we breathe upon the glass B, the re* 
fleeted light will disappear, because the reflecting smiace is 
now water, and is placed at an angle cf 53° 11', the polarizing 
angle for water. If therefore we place two glass plates atj 
the one inclined 56° 45', and the other 53^ 11', to the beam 
r 9, sufficiently large to fall upon both, the luminoos object 
will be visible in the one but not in the other; but if we 
breathe upon the two plates, we shall exhibit the paradox cf 
reviving an invisible image, and extinguishing a viable on^ 
bv the same breath. Tliis experiment will be more fltnloQg 
if the ray r 9 is polarized by double refraction. 

On the Law of the Polarization oflAght by R^lexion, 

(103.) From a very extensive series of experiments made 
to determine the maximum polarizing angles of varioin bodki^ 
both solid and fluid, I was led, in 1814, to the fbUowisg iiiD|d6 
law of the phenomena : — 

The index of refraction is the tangent of the angle offth 
Utrization. 

In order to explain this law, and to show how to find tiie 

polarizing angle for any body whose index of reiractioii is 

Known, let M N be the surface of any transparent body, such 

as water. From any point, r, draw r A perpendicular to MN, 

Fig. 88. Jig. 88., and round ras a centre ^ 

scribe a circle, M A N D. From A 
draw A F, touching the circle at A, 
and from any scale on which Ar »1 
or 10 set ofl* A F equal to 1*336 or 
13*36, the index of refraction for water. 
From F draw F r, which will be the 
incident ray that will be polarised by 
reflexion from the water in the direc- 
tion r S. The angle A r R will be 
53° 11', or the angle of maximym polarization for wat^. 
This angle may be obtained more readily by looking for I'SSJ 
in the column of natural tangents in a book of l(^aiithmi^ 
and there will be found opposite to it the corresponding ansle 
of 53° 11'. If we calculate the angle of refraction TrD, 
corresponding to the angle of incidence A r R, or detennine 
it by projection, we shall find it to be 36° 49'. 

From the preceding law we may draw the following con- 
clusions : — 

1. The maximum polarizing angle, for all substances wbair 
ever, is the complement of the angle of refraction. Thus, in 
water, the complement of 36° 49' is 53° 11', the polarizio^ 
angle. 
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2L At the polarizing angle, the sum of the angles of inci- 
dence and Tefracticn is a right angle, or 90°. Thus, in water, 
the angle of incidence is 53° 11', and that of refiaction 86° 
Hy, and their sum is 90°. 

dL Wliea a ray of light, R r, is polarized hy reflexion, the re- 
flected ray, r S, forms a right angle with the refracted ray, r T. 
Wfaea light is reflected at the second surface of bodies, the 
kv 4if poli^izatioii is as follows : — 

The index qf refraction is the cotangent of ike angle of 
fotarizoHeiL 

In order to determine the angle in this case, let M N be the' 
Mcond sarhce of any body such as water. From r draw r A 

perpendicular to M N, Jig, 89., and 
round r describe the circle M A N D. 
From A draw A F, touching the circle 
at A, and upon a scale in which r N is 1 
take A F equal to '7485, that is to j^.^jv 
the reciprocal of tfie index of refraction,* 
and from F draw F r ; the ray R r will be 
polarized when reflected in the direction 
rS. The maximum polarizmg angle 
A r R will be 36° 49', exactly equal to 
the BBffle <^ refraction of the first sur&ce. Hence it follows, 
L That the polarizing angle at the scccmd surface of bodies 
ii equal to the complement of the polarizing angle at the first, 
«r to the angle of refraction at tlie first surfiu^e. The reason 
n^ AfflBefbre, obvious why the portions of a beam of light re- 
flected at the first and second surfaces of a transparent parallel 
phte are eimultaneously polarized. 

2L That the angle which the reflected ray rS fbnns with 
the refiracted ray r T is a right angle. 

The laws of polarization now explained are ap|dicable to 
die aeparatuifi^ surfaces of two media of dlflTerent refractive 
fowera If the uppermost fluid is water, and the undermost 
f^UBf then the index of refraction of their separating surface 
■ equal to y.^flf to the greater index divided by the lesser, 
^iich ia l*14l5. By using this index it will be found that the 
poiariziBg angle is 4d° 47'. 

When the ray moves from the less refractive substance 
iotD the greater, as from water to glass, as in the preceding 
case, we must make use of the law and the method above ex- 
plained for the Jirst surface of bodies; but when the ray 
noFes from th£ g'reater re&active body into the less, as from 
oil of cassia to glass, we must use the law and method for the 

second surfiice of bodies. 

— 

* The tangent of an angle to radius 1, is the reciprocal of the cotangent. 
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If we lav a parallel stratum of water upon glaas whose 
index of refraction is 1*506, the ray reflected from the refract' 
ing sorfaces will be polarized when the angle of incidence 
upon the first surface of the water is 00° 

(104.) The preceding observations are all applicaUe to 
white light, or to the most luminous rays of the spectrum; 
but, as every different color has a different index of refractioo, 
the law enables us to determine the an^le c^ polarization fir 
every different color, as in the followmg taUe, where it ii 
supposed that the most luminous ray of the spectnim is tht 
mean one.*^ — 



C Red rays 
WATSa < Mean rays 

f Violet rays 
I Red rays 
Platb Glass < Mean rays 
f Violet rays 
i Red rays 
Oil of Cassu < Mean rays 
f Violet rays 



or 

Befrw- 
tioB. 



34253 



1-330 

1 

1 

1-515 

1 

1 

1 

1-642 

1-687 



Mixlmom 
Folariajif 



53© 4! 
33653 11 
19 

56 34 
525 56 45 
53556 55 
59757 57 

58 40 

59 21 



the 



IS 



The circumstance of the different rays of the spectmm 
being polarized at different angles, enables us to expkin the 
existence of unpolarized light at the maximum polariziDg 
angle, or why the ray $ E, in Jig, 87., never wholly vaniiheik 
If we were to use red light, and set the two plates at anfflesoT 
56° 34', the polarizing angle of glass for red li^ht, thentfie pen- 
cil » E would vanish entirely. But when the light is white, and 
the angle at which the plates are set is 56° 45', or that which 
belongs to mean or yellow rays, then it is only the yellow rays 
that will vanish in the pencil sE. A small portion of r^ and 
a small portion of violet will be reflected, because the glasNS 
are not set at their polarizing angles; and the mixture of 
these two colors will produce a purple color, which will be 
that of the unpolarized light which remains in the pencil t Eb 
If we place the plates at the angle belcmging to the red rkj^ 
then the red only will vanish, and the color of the unpo- 
larized light will be bluish green. If we place the plates at 
the angle corresponding .with the blue light, then the bhte 
only wnl vanish, and the unpolarized light will be c^a reddish 
cast In oil of cassia, diamond, chromate of lead, realgar, 
specular iron, and other highly dispersive substances, the odoi 
of the unpolarized light is extremely brilliant and beant^ 

Certain doubly refracting crystals, such as Iceland apttr 
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tknmaU of Uad^ &c., have different polarizing angles on dif- 
ferent surracea, and in different directions on the same sur- 
ftce ; bat there is always one direction where the polariza- 
tioa 18 not affected b^ the doubly refracting force, or where 
the tangent of the polarizing angle is equal to the index of 
Mdinuy refraction. 

On the partial Pdarization of Light by Reflexitm. 

(105.) IS in the i^paratus in fg. 87., we make the ray R r 
ftll upon the pisLte A at an angle greater or less than 56^ 45', 
then the ray s E will not vanish entirely ; but, as a consider- 
able part of it will vanish like polarized light, Malus called it 
partiaUy polarized light, and considered it as composed of a 
portion ox light perfectly polarized, and of another portion in 
the state of common light He found the quantity of polar- 
iied lifht to dinunish as the kngle of incidence receded from 
that 01 maximum polarization. 

M. Biot and M. Arago also maintained that partially polar- 
iied light consisted pi^y of polarized and partly of cominon 
lijght ; and the latter announced that, at regular angular idis- 
titices above and below the maximum polarizing angle, the 
reflected pencil contained the same proportion of polarized 
Itfht In St, QobirCs glass he found that the same proportion 
of light was polarized at an angle of incidence of 82° 48' as 
it 24^ 18' ; in water he found that the same proportion was 
polarized at 16° 12' as at 86° 31' ; but he remarks, <' that the 
iHtfaematical law which connects tl\e value of the quantity of 
pdlanzed light with the angle of incidence and the refractive 
lower of the body has not yet been discovered." 

Ih the investigation of this subject, I found that though 
Ihare was only one an^le at which light could be completely 
polarized by one reflexion, yet it might be polarized at any 
fB^ of incidence by a sufficient number qf reflexions, as 
town in the following Table. 



■SLOW THK 


POLAKIZINO ANGLR. 


ABOVR THE 


POLARIZINO ATfOLE. 


Ho. a/ 


Angla at wUii h the iAgal 


No. of 


Angle at which tha Light 


BaflvxlOM. 


ia pnlariim]. 


SeOexiona. 


ta pvlarited. 


1 


560 45' 


1 


56° 45' 


3 


50 26 


2 


62 30 


3 


46 30 


3 


65 33 


4 


43 51 


4 


67 33 


5 


41 43 


5 


69 1 


6 


40 


6 


70 9 


7 


38 33 


7 


71 5 


8 


37 20 


8 


71 51 



N2 



i 
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In polarizing light by saccessive reflezicms, it is not imc» 
eaij that the reflexions be performed at the aune aii|^ 
Some of them may be above and some below the pnilwrimf | 
angle, or all the reflexions may be yerfbnned at difevnt ; 
angle& 

From the preceding facts it follows as a neceamry oqdsb- 
quence, that partially polarized light, or light reflected at an 
angle difierent from the polarizing angle, has suflTered a nhysi- 
cal change, which enables it to be more easily polarizea hj a 
subsequent reflexion. The light, for example, which remains 
unpolarized after five reflexions at 70°, in place of being coo- 
mon light, has sufiered such a physical change that it is capa- 
ble of being completely polarized by one reflexion more at i\P. 

This view of the subject has been rejected by M. Arago^ as 
incompatible with experiments and speculations of his oiwn; 
and, in estimating the value of the two opinions, Mr. Herschd 
has rejected mine as the least probable. . It will be seeii, hflw- 
ever, from the following facts, that it is capable dt the mot 
rigorous demonstration. 

It does not appear, fiom the preceding inquiries, how a beav 
of common light is converted into polarized light by lefiexkA 
By a series of experiments made in 1829, 1 have been aUe la 
remove ^this difiiculty. It has been long known that a pQli^ 
ized beam of light has its plane of polarization changed fay i^ 
flexion &om bodies. If its plane is inclined 45° to the jibm 
of reflexion, its inclination will be diminished by a reflexnoit 
80°, still more by one at 70°, still more by one at 60° ; and at 
the polarizing angle the plane of the polarized ray will be in 
the plane of reflexion, the inclination commencing again at 
reflexions above the polarizing an^le, and increasing tifi at(P) 
or a perpendicular incidence, the mclination is again 45°.* I 
now conceived a beam of common light, constituted as in Jig* 
81., to be incident on a reflecting surface, so that the plane cC 
reflexion bisected the angle of 90° which the two planes rf 
polarization, A B, C D, formed with each other, as shown ii 
fig. 90., No. 1., where M N is the plane of reflexion, and 
A B, C D the planes of polarization of the beam of white 
li^ht, each inclined 45° to M N. By a reflexion from glusB, 
where the index of refraction is 1*525, at 80°, the ineliiuitioa 
of A B to M N will be 33° 13', as in No. 2., instead of 45°; 
and in like manner the inclination of C D to M N will be SSP 
13', in place of 45° ; so that the inclination of A B to C I>in 

^^— - ■- -- — - II ■ — ■ 

* The rule for finding the inclination is this :— Find the sum of the mnfim 
of incidence and refraction, and also their difference; divide the coaiDe of 
the former by the cosine of the latter, and ttie quotient will be tbe tangort 
of tbe inclination required. 
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tBGf 90° w60°26',asinNo.2. At an incidence of 65° 
meUnatiQa of Afi to C D wiU be Sd^' 36', as in Na a; 
■A at the polarizing angle of 56^^ 45' the planes A B, CD of 
IhB two beaiDfl will be parallel or coincident, as in No. 4. At 
below 56° 45^ the planes wiU again open, and their 

Xd. 1. Fig. 90. 

No. 3. No. 3. 







HKUnation will increase till at (P of incidence it is 90°, as in 
Nd L, having been 25° 36' at an incidence of about 48° 15', 
■■ in Na 9b, and 66° 26' at an incidence of about 30°, as in 

In the process now described, we see the manner in which 
cwiMJion Ught^ as in Na 1., is converted into polarized lights 
M in Na £, b^ the action of a reflecting sunace. Each of 
the two planes of its component polarized beams is turned 
nund into a state of parallelism, so as to be a beam with only 
flne plane of polarization, as in No. 4. ; a mode of polariza- 
tion eeeentially different in its nature from that of double re- 
fiiction. The numbers in fig, 90. present us with beams of 
^^ in d\ffer€nt stages of polarization from common light in 
noTl, to polarized light in No. 4. In No. 2. the beam has 
mde a certain approach to polarization, having snASbred a 
afenraical change in the inclination oi its planes; and in Na 3. 
It has made a nearer approach to it Hence we discover the 
whole mystery of partial polarization, and we see that par- 
imOi^ polarized light is light whose planes of polarization 
me ifuUned at, angles less than 90° and greater than 0°. 
Hie influence of successive reflexions is therefore obvious. A 
mlleziOD at 80° will turn the planes, as in fig. 90., Na 2. ; 
nother reflexion at 80° will bring them closer ; a third still 
doser ; and so on : and though they never can by this process 
1« bnxight into a state of exact parallelism, as in Na 4 
(which can only be done at the polarizing angle), yet they can 
be brought infinitely near it, so that the beam will appear as 
eampletely polarized as if it had been reflected at the polar- 
ising angle. The correctness of my former experiments and 
fiews is, therefore, demonstrated by the preceding analysis of 
OQumon light 

It is manifest from these views that partially polarized light 
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does not conlam a single ray of completely poUarvBed Ughi; 
and yet if we reflect it from t}ie second plate B, in fig, 87^ 
at the polarizing angle, a certain portion of it will diai^ppeir 
as if it were polariz^ %^^ ^ result which led to the nnmBe 
of Malus and oth^^ The light which thus disappean may 
be called apparently polarized light ; and I have explained in 
another place"^ how we may determine its quantity at any 
angle of incidence, and for any refractive mediuuL The fii 
lowing Tahle contains some of the results for glass, whose in- 
dex of refraction is 1*525. The quantity of reflected light is 
calculated by a rule given by M. Fresnel. 



Asfln of 
lacidence. 


Inclinatiua of Uie Planes' 
or PolarizaUaa, A B, 
CD,/*. M. 


QuanUty of reflrrted 
lUyi out of 1000. 


Q.>i«Btltr of poteriHd 
JUjn uut of IMO. 


0° 


90° 0' 


43-23 


0- 


20 


80 26 


43-41 


7-22 


40 


47 22 


49-10 


33-25 


56 45' 





79-5 


79-5 


70 


37 41 


162-67 


129-8 


80 


66 26 


391-7 


156*6 


85 


78 24 


616-28 


123-75 


90 


90 


1000- 


0- 



CHAP. XX. 

ON THE POLARIZATION OF LIGHT BT ORDINARY REFRACnON. 

(106.) Although it might have been presumed that the 
light refracted by bodies suffered some change, corresponding 
to that which it receives from reflexion, yet it was not untS 
1811 that it was discovered that the refiracted portion c£ the 
beam contained a portion of polarized light.f 

To explain this property of light, let R r, Jig. 91., be a 
beam of light incident at a great angle, between 80° and 90*, 
on a horizontal plate of glass, No. 1. ; a portion of it will be 
reflected at its two surfaces, r and a, and the refracted beam 
a is found to contain a small portion of polarized light 

If this beam a falls upon a second plate, Na 2., paralld 

to the first, it will suffer two reflexions; and the refracted 

pencil b will contain more polarized light than a. In like 

manner, by transmitting it through the plates Nos. 3, 4, 0^ and 
». ■ ■ ■ 

*See PMl. Transactions, 1830, p. 76., or Edinburgh Journal tf Attawi^ 
New Series, No. V., p. 160. 

tThifl discovery was made by independent observation by Malni, Hot| 
and the aathor of this work. 
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e last refected pencil, fg^ will be found to codsmC entirely, 
\ as the eye can judge, of polarized light Bat, what is 
interesting, the beam fg is not polari^ in the |dane of 
:tioa or reflexion, but in a plane at right angles to it ; 
is^ its plane of polarization is not represent^l by A' B' 

i^. 91. 




)1., as is the ordinary ray in Iceland spar, o!r as light 
[zed by reflexion, but by C IV like the extraordinary 
1 Iceland spar. From a great number of experiments, 
id that the light of a wax candle at the distance of 10 
feet was polarized at the following angles, by the fid- 
g number of plates of crown glass. 



JTo. of PMes o^ 



8 
13 
16 
21 
24 



Otaenred Aju^ «t 
whii-h the Pencil 
bpolviMd. 



7&0 11' 
74 
69 4 
63 31 
60 8 



Ko. of PtatM 
Crown OlMi. 



.^fObMrred Aa^ nt 

* which Uiereaen 

ta poiutaed* 



27 
31 
35 
41 

47 



570 10' 
53 28 
50 5 
45 35 
41 41 



bllows &om the above experiments, that if we divide the 
er 41 "84 by any number of crown glass plates, we shall 
the tangent of the angle at which the beam is polarized 
it Bumbier. 

ace it is obvious that the power of polarizing the re- 
d light increases with the an^le of incidence, being no- 
or a minimum at a perpendicular incidence, or 0^, and 
retttest possible or a maximum at 90^ of incidence. I 
, likewise, by various experiments, that the power of po- 
ig the light at any given angle increased with the re- 
re power of the body, and consequently that a snoaller 
3r of plates of a highly refracting body was necessary 
jf a refracting body of low power, the angle of incidence 
the same. 

Malus, Blot, and Arago considered the beams a, 6, &c., 
they were completely polarized, as partially polarized^ 
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Vid as consisting of a portion of polarized and a portion of 
vhpolarized light ; so, on the other hand, I concluded from the 
ftiUowing reasoning that the unpolarized light had sofibred i 
physical change, which made it approach to the state of com- 
plete polarization. For since sixteen plates are required to 
polarize completely a heam of light incident at an angle of 
6d°, it is clear that eight plates will not polarize the whole 
beam at the same angle, but will leave a portion unpoHarixei, 
Now, if this portion were absolutely unpolarized like comoMR 
light, it would require to pass through other sixteen plates^ it 
an angle of 69°, in order to be completely polarized ; but the 
truth is, that it requires to pass through only eight plates to 
be completely polarized. Hence I conclude that Sie beam hii 
been nearly half polarized by the iirst eight plates, and the 
polarization completed by the other eight This conclusioD, 
though rejected by both the French and Engli^ philosophen, 
is capable of rigid demonstration, as will appear from the ftl- 
lowing obServation& 

In order to determine the change which refraction produced 
in the plane of polarization of a polarized ray, I used prisms 
and plates of glass, plates of water, and a plate of a highly re- 
fractive metalline glass ; and I found that a refractin^g^ suimce 
produced the greatest change at the most oblique incidence, or 
that of 90^ ; and that the change gradually diminished to a 
perpendicular incidence, or 0°, where it was nothing. I found 
also that the greatest effect produced by a single plate of glass 
was about 16<> 39*, at an angle of 86° ; that it was 3° 54' at an 
angle of 55°, 1° 12' at an angle of 35°, and 0° at an angle 
ofO°.* 

A beam of common light, therefore, constituted as in Jig* 
92., No. 1., with each of its planes A B, C D inclined 45° to 



No. 2. 



Fig. 92. 



No. 3. 



No. 4. 




the plane of refraction, will have these planes opened 16^ 99^ 

— . — 

*Tbe rule for finding the inclination after a single refraction is as Al- 
lows:— Find the difference between the anfiles of incidence and refiraetioii, 
and take the cosine of this difference. This number will be the cotaofent 
of the inclination required ; and twice this inclination will be tlie iocuDi* 
fionof ABtoCD. 
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uji, by one plate of glass at an incidence of 86^ ; that ie, 
leir inclination, in place of 90°, will be 123° 18', as in Na 
By the action of two or three plates more they will be 
coed wider, as in No. 3. ; and by 7 or 8 plates they will be 
ened to near 180°, or so that A B, C D nearly coincide, as 
Na 4., 80 as to form a single polarized beam, whose plane 
polarization is perpendicular to the plane of refraction. I 
.ve shown, in another place,* that these planes can never be 
ouf^ht into mathematical coincidence by any number of re- 
ictxms ; bat they approach so near to it that the pencil is, to 
I appearance, completely polarized with lights of ordinary 
rength. All the light polarized by refraction is only par- 
illy polarized, and it has the same properties as that which 
partially polarized by reflexion. A certain portion of the 
^ of a beam thus partially polarized, will disappear when 
fleeted at the jwlarizing angle from the plate B^ Jig, 87. ; 
d this quantity, which I have elsewhere shown how to cal- 
ilate, is given in the following table for a single surface of 
UE^ whose index of refraction is 1*525. 



Aagteof 
locideiioe. 


InclinatioB of the Planea 
orPoterintinBABtCD, 

fit n. 


Qnantitr of tnnraiittcd 
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dnuUtx or pnlariwd 
Bayi out of 1000. 


0° 


90° O' 


956-77 





20 


90 26 
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7-22 


40 


92 


950-90 


32'2 


56° 45' 


94 58 


920-5 


79-5 


70 


98 56 


837-33 


129-8 


80 40^ 


104 55 


608-3 


156-7 


85 


108 44 


383-72 


123-7 


90 


112 58 









Although the quantity of light polarized by refraction, as 

ven in the last column of this Table, is calculated by a 

rmula essentially different from that by which the quantity 

' light polarized by reflexion was calculated ; yet it is cu- 

ms to see that the two quantities are precisely equal. Hence 

B obtain the following law : — 

When a ray qf common light is reflected and refracted by 

ly mrface, the quantity of light polarized by refraction t$ 

nctly equal to that polarized by reflexion. 

This law is not at all applicable to plates, as it appeared to 

fixjm the experiments of M. Arago. 

When the preceding method of analysis is applied to the 

At reflected by the second surfaces of plates, we obtain the 

[lowing curious law : — 

* See Phil. Transactions^ 1830; p. 137., or Edinlmrgh Journal ^ Seitne9t 
iw Series, No. YL, p. 218. 
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A pencil of light reflected from the second swrfacet rf 
traruparerU plates, and reaching the eye q/ter two refra^ 
tions and an intermediate refexion, contains at aU angles rf 
inddence, from 0° to the maximum po^rizin^ ongle^ « pof' 
tion of light polarized in the jdane ofrqflexum. Above tfte 
polarizing angle, the part of the pencil polarized in (ks 
plane of reflexion diminishes, till the indderuce becomes 78^ 
T in glass, when it disappears, and the whole pencil has tie 
character of common light. Above this last angle the pemiA 
contains a quantity of light polarized perpendicularly to Ai 
plane of reflexion, which increases to a maximum^ and Hm 
diminishes to nothing at 90°.* 

(107.) As a bundle of glass plates acts upon light, aod po* 
lanzes it as effectually as reflexion from the surrause of gim 
at the polarizing angle, we may substitute a bundle of glia 
plates in the apparatus, Jig, 87., in place of the plates oiAm 
A, R Thus, if A (Jg. 93.) is a bundle ai glass plates wbkh 

Fig. 93. 



im-M- 



w 



polarizes the transmitted ray s t, then, if the second bundle B 
IS placed as in the figure, with the planes of refraction ci its 
plates parallel to the planes of refraction of the plates of A, 
the ray s t will penetrate the second bundle ; and if « 2 is in- 
cident on B at the polarizing angle, not a ray of it will be re- 
flected by the plates of B. If B is now turned round its axis, 
the transmitted light v w will gradually diminish, and more 
and more light will be reflected by the plates of the bundle, 
till, after a rotation of 90°, the ray v w will disappear, and all 
the light will be reflected. By continuing to turn round ft 
the ray v w will re-appear, and reach its maximum brightness 
at 180°, its minimum at 270°, and its maximum at (^, after 
having made one complete revolution. 

By this apparatus we may perform the very same experp 
ments with refracted polarized light that we did with reflected 
polarized light in the apparatus o^ Jig. 87. 

We have now described two methods of converting com- 
mon light into polarized light : 1st, By separating by double 
refraction the two oppositely polarized beams which constitute 
common light ; and, 2dly, By turning round, by the action of 

*See Phil. Trans. 1830, p. 145. ; or Edinburgh Joumat of Seienee, No. YL, 
p. 334. New Series. 
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the reflecting end refracting ferces, the planes of both these 
besins till they coincide, ana thus form light polarized in one 
plane. Another method still remains to te noticed ; namely, 
to disperse or absorb one of the oppositely polarized beams 
which constitute common light, and leave the other beam po- 
krized in one plane. These effects may be produced by agate 
and toarmaline, &c. 

(106,) If we transmit a beam of common light through a 
phte ci agate, one of the oppositely polarized beams will be 
oooverted into a nebulous light in one positicm, and the other 
polarized beam in another position, so that one of the polar^ 
ixed beams with a single plane of polarization is left. The 
■tme efBsct may be produced by Iceland spar, arragonite, and 
artificial salts prepared in a particular manner, to produce a 
dinersion of one of the oppositely polarized beams."" 

When we transmit common light through a thin plate of 
tmrmaUne, one of the oppositely polarized beams which ohh 
fltitate common light is entirely absorbed in one positicm, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates of agate and tourmaline are of great use, 
either in aJQfording a l^am of light polarized in one plane, or 
in dispersing and absorbing one of the pencils of a compound 
beam, when we wish to analyze it, or to examine the color or 
properties of one of the pencils seen separately. 



CHAP. XXI. 

OH THX COLORS OF CRYSTALLIZED PLATES ZM 
POLARIZED LIGHT. 

(109.) The splendid colors, and systems of colored ringB^ 
prodnced by transmitting polarized light through transparent 
bodies that possess double refraction, are undoubtedly the most 
hriUiant phenomena that can be exhibited. The colors pro- 
duced by these bodies were first discovered by independent 
observation, by M. Arago and the author of this volume ; and 
they have been studi^ with sreat success by M. Biot and 

In order to exhibit these phenomena, let a polarizing ap- 
nratas be prepared, similar in its nature to that in Jig, 87. ; 
oat without the tubes, as shown in Jig. 94., where A is a plate 

* Bee EUntmrgh Encyelopisdia, vol. xv. pp. 600, 601. ; PkU. Tratu. 1819» 
p. 140. 

O 
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dt fflasB which polarizes the ray R r, incident upon it at in 
an^e of 56^ 45', and reflects it polarized in the direction rs, 
where it is received by a second plate of glass, B, whose pibne 
<^ reflexion is at right angles to that of the plate A, and 
which reflects it to the eye at O, at an angle of 56^ 45*. h 



Fig. 94. 





y 



order that the polarized pencil r s may be sufficiently brilliant, 
ten or twelve plates of window glass, or, what is better 
still, of thin and well-annealed flint glass, should be subflti- 
tuted in place of the single plate A. The plate or plates at 
A are called the polarizing plates, because their cmj use is 
to furnish us with a broad and bright beam of polarized light 
The plate B is called the analyzing plate, because its use. is 
to analyze, or separate into its parts, the light transmitted 
through any body that may be placed between the eye and the 
polarizing plate. 

If the beam of light R r proceeds from the sky, which will 
answer well enough for common purposes, then an eye placed 
at O will see, in the direction O s, the pwt of the sky from 
which the beam R r proceeds. But as r « will be polarized 
light if it is reflected at 56° 45' from A, almost none of it will 
be reflected to the eye at O from the plate B ; that is, the eye 
at O will see, upon the part of the sky from which R r pro- 
ceeds, a black spot ; and when it does not see this black spot, 
it is a proof that the plates A and B are not placed at the 
proper inclinations to each other. When a positi(»i is fbond, 
either by moving A or B, or both, at which the black qwt is 
darkest, the apparatus is properly adjusted. 

(110.) Having procured a thin film of sulphate of lime or 
mica, between the 20th and the 60th of an inch thick, and 
which may be split by a fine knife or lancet from a maas of 
any of these minerals in a transparent state, expose it, as 
shown at C E D F, so that the polarized beam r 8 may paFS 
through it perpendicularly. If we now apply the eye at 0, 
and look towards the black spot in the direction O s, we diall 
see the surface of the plate of sulphate of lime entirely cov- 
ered witli tlie most bnlliant colors. If its thickness is pe^ 
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iactly unilbnn throughout, its tint will be perfectly uniform ; 
bat if it has different thicknesses, every different thickness 
irill display a different color — some red, some green, some 
Use, and some yellow, and all of the most brilliant descrip- 
tkn. If we turn the film C E D F round, keeping it perpen- 
dicular to the polarized beam, the colors will become less or 
more bright without changing their nature, and two lines, 
C D, £ F at right angles will be found, so that when either of 
them is in the plane of reflexion r « O, no colors whatever are 
perceived, and the black spot will be seen as if the sulphate 
of lime had not been interposed, or as if a piece of common 
glass had been substituted for. it It will also be observed, by 
continuing the rotation of the sulphate of lime, that the colors 
again be^ to appear; and reach their greatest brightness 
when, eimer of the lines G H, L E, which are inclined 45^ to 
C Dy £ F, are in the plane of reflexion rsO. The {dane R r «, 
cr the plane in which the light is polarized, is called the plane 
rf primitive polarization; the Imes CD, EF, the neutral 
axes ; and G H, K L, the depolarizing axes, because they de- 
pdarize, or change the polarization of the polarized beam r s. 
Tbe brilliancy or intensity of the colors increases gradually, 
fiom the position of no color, to that in which it is the most 
kiUiant 

Let OS now suppose the plate C E D F to be fixed in thepo- 
Btion where it gives the brightest color ; namely, when G H 
IB perpendicular to the plane c^ primitive polarization R r ^, 
cr parallel to the plane r « O, and let the color be red. Let 
the analyzing plate B be made to revolve round the ray r «, 
bmnning Its motion at 0°, and preserving^ always the same 
iadination to the ray r «, viz. 56° 45'. The brightest red 
lieing now visible at 0^, when the plate B begins to move fix>m 
its position shown in the figure, its brightness will gradually 
Jiprfiniah till B has tumod round 45°, when the red color will 
tbolly disappear, and the black spot in the sky be seen. Be- 
Ifood 45^ a mint green will make its appearance, and will be- 
come brighter and brighter till it attains its greatest bright- 
oesB at 90°. Beyond 90° the green becomes paler and paler 
till it disappears at 135°. Here the red again appears, and 
leaches its maximum brightness at 180°. The very same 
changes are repeated while the plate B passes from 180° 
round to its first position at 360° or 0°. From this experi- 
ment it appears, tiiat when the film C E D F alone revolves, 
only OTte color is seen ; and when the plate B only revolves, 
two colors are seen during each half of its revolution. 

If we repeat the preceding experiment with films of differ- 
ent thiclmesses, that give different colors, we shall find that the 
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two colon are always complementaty to each other^ or to- 
gether make white light 

(111.) In order to understand the cause of these beautifiil 
phenomena, let the eye he placed between the film and the 
plate B, and it will be seen that the li^ht transmitted throBgii 
the film is white, whatever be the position of the film. Tfte 
separation of the colors is therefore produced, or the while 
light is analyzed, by reflexion from the plate B. Now, «d- 
phate of lime is a doubly refracting crystal ; and one of ik 
neutral axes, C D, is the section of a plane passing through ib 
axis, while E F is the section of a plane perpendicQlar to the 
principal section. Let us now suppose either of these planes^ ftr 
example E F, to be placed, as in the figure, in the plane of jn^ 
larization R r s of the polarized light ; then this ray will Aotte 
doubled, but will pass into the ordinary ray of the crystalliied 
film ; and fiilling upon B, it will not sufier reflexion. In lifcs 
manner, if C D is brought into the plane Rrs, it will pea 
entirely into the ordinary ray, which, falling upon B, will not 
sufier reflexion. In these two positions of uie film, diereto( 
it forms only a single image or beam ; and as the plane of y> 
larization oi this image or beam is at right angles to the ^ksofi 
of reflexion from B, none of it is reflected to the eye at Q 
But in every other position of the doubly refracting fflm 
C E D F, it forms two images of difierent intensities, as may 
be inferred fh)m Jig, 86. ; and when either of the depdarizint 
axes G H or K L is in the plane of primitive polarization, the 
two images are of equal brightness, and are polarized in op* 
posite planes ; one in the plane of primitive polarization, em 
the other at right angles to it Now, one of these images \b 
redj and the other green, for reasons which will be afterwards 
explained; and as the green is polarized in the plane (^primi- 
tive polarization Rrs, it does not suffer reflexion from the 
plate B ; while the red, being polarized at right angles to that 
plane, is reflected to the eye at O, and is therefore alone seen. 
For a similar reason, when B is turned round 90°, the red wffl 
not- sufier reflexion from it ; while the green will sufler re- 
flexion, and be transmitted to the eye at O. In this case the 
plate B analyzes the compound beam of white light tranfr 
mitted through the film of sulphate of lime, by reflecting the 
half of it which is polarized in the plane of its reflexion, and 
refusing to reflect the other half, which is polarized in an 0|h 
posite plane. If the two beams had been each white light, aa 
they are in thick plates of sulphate of lime, in place of seeing 
two difierent colors during the revolution of the plate B, the 
refiected pencil s O would have undergone difierent variatioafl 
of brightness, according as the two oppositely polarized beana 
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of white light were more or less reflected by it ; the positicms 
of greatest brightness being those where the led and green 
coIots were the brightest, and the darkest points being those 
wiiere no color was visible. 

(112.) The analysis of the white beam composed of two 
beams of red and green light, has obviously been efiected by 
the power of the plate to reflect the one and to transmit or 
refract the other ; but the same beam may be analyzed by va- 
rioas other methods. If we make it pass through a rhomb of 
calc&reous spar sufficiently thick to separate by double refrac- 
tion the red from the green beam, we shall at the same time 
see both the colored beams, which we could not do in the for- 
mer case ; the one forming the ordinary, and the other the ex- 
traordinary image. Let us now remove the plate B, and sub- 
fltitate for it a rhomb of calcareous spar, with its principal seo- 
tkm in the plane of reflexion r « O, or perpendicular to the 
plane of primitive polarization R r «, and let the rhomb liave 
a round aperture in the side farthest from the eye, and of such 
a size that the two images of the aperture, formed by double 
refraction, may just touch one another. Remove the film 
C £ D F, and the eye placed behind the rhomb will see only 
the extraordinary image of the aperture, the ordinary one 
having vanished. Replace the film, ^ith its neutral axes as in 
the figure, parallel and perpendicular to the plane R r «, and 
no e&ct will be produced ; but if either of the depolarizing 
axes are brought into the plane R r «, the ordinary image of 
the aperture will be a brilliant red, and the extraordinary 
imase a brilliant green ; the double refraction of the rhomb 
having separated these two difierently colored and oppositely 
polarized beams. By turning round the film, the colors will 
vary in brightness ; bpt the same image will always have the 
same color. If we now keep the film fixed in the position 
that gives the finest colors, and move the rhomb of calcareous 
spar round, so that its principal section shall make a complete 
revolution, we shall find that, after revolving 45° from its first 
position, both images become white. After revolving 90°, the 
ordinary image that was formerly red is now green, and the 
extraordinary image that was formerly green is now red. The 
two images become again white at 135°, 225°, and 315° ; and 
at 180°, the ordinary image is again red, and the extraordi- 
nary one green ; and at 270°, the ordinary image is green^ 
and the other red. 

If we use a large circular aperture on the face of the 
ibomb, the ordinary and extraordinary images O, E will over- 
lap each other, as in fig. 95. ; the overlapping parts at F G 
being pure white light, and the parts at C ana D having the 

02 
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colors above described. This experiment affiirds ocuhr de> 
monstration that the two colors at C and D are coin[de' 
mentary, and form white light 

The analysis of the compound beam transmitted by the snt 
phate of lime may also be effected by a pUte df agaief or hf 




any of the crystals, artificially prepared for the purpose of 
dispersmg one of the component beams. The a^te ben^ 
placed between the eye and the film C £ D F, it will dispeiw 
mto nebulous light the red beam, and enable ihe green one to 
reach the eye ; while in another position it will scatter the 
green beam, and allow the red light to reach the eye. With 
a proper piece of agate this experiment is both bwitifiil and 
instructive ; as the nebulous light, scattered round the bri^ 
image, will be green when the distinct image is red, wad red 
when the distinct image is green. 

The analysis may ako be effected by the absorption d[tour* 
nudine and other sunilar substances. In one position the tour- 
maline absorbs the green beam, and allows the red to pass; 
while in another position it absorbs the red, and suffers the 
green to pass. The yellow color of the tourmaline, however, 
IS a disadvantage. 

The analysis may also be performe4 by a bundle of glass 
plates, such as A or B, Jig, 93. In one position such a bundle 
will transmit all the red, and reflect all the green ; while in 
another position it will transmit all the green, and reflect all 
the red, in the opposite manner, but according to the same 
rules as the analyzing plate B, fig, 94. 

(113.) In all these experiments the thickness of the sul- 
phate of lime has been supposed such as to give a red and a 
green tint ; but if we take -a film 0-00046 of an English inch 
thick, and place it at C E D F in fig. 94., it will produce no 
colors at all, and the black spot in the sky will be seen, what- 
ever be the position of the film. A film 0*00124 thick will 
give the white of the first order in Newton's scale of colors^ 
given in p. 93 ; and a plate 001818 of an inch thick, and 
all plates of greater thickness, will give a white composed 
of aU the colors. Films or plates of intermediate thickMssef 
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between 0-00124 and 0*01818 will give all the intennediate 
colon in Newton's Table between the white of the first order 
imd the white arising from the mixture of all the colors. That 
isi the colors reflected to the eye at O will be those in column 
2d, while the colors observed by turning round the plate B 
wUl be those in column 3d ; the one set of colors correspond- 
ing to the reflected tints, and the other to the transmitted tints 
of thin plates. In order to determine the thickness of a film 
of sulphate of lime which gives any particular color in ihe 
Teible, we must have recourse to the numbers in the last col- 
omn for glass, which has nearly the same refhtctive power as 
snlphate of lime. Suppose it is required to have the thickness 
which corresponds to the red of the first spectrum or order of 
odors. The number in the column for glass, opposite red, is 

a; then, since the white of the first order is produced by a 
1 000124 of an inch thick, the number corresponding to 
wluch is 3f in the column for glass, we say, as 3J is to 5|, so 
ii 000124 to 0*00211, the thickness which will give the red 
of the first order. In the same manner, by having the thick- 
oeai of any film of this substance, we can determine the color 
winch it will produce. 

Since the colors vajy with the thickness of the plate, it is 
manifost, that if we could form a wedge of sulphate of lime, 
with its thickness varying from 0*00124 to 0*01818 of an inch, 
we should observe at once all the colors in Newton's Table in 
parallel stripes. An experiment of the same kind may be 
nude in the following manner : — ^Take a plate of sulphate of 
lime, M N, Jig. 96., whose thickness exceeds 0*01818 of an 

Fig. 96. 




inch. Cement it with isinglass on a plate of glass; and 
placing it upon a fine lathe, turn out of it with a very sharp 
tod a concave or hollow surface between A and B, turning it 
» thin at the centre that it either begins to break or is on the 
eve of breaking. If the plate M N is now placed in water, 
tfie water will after some time dissolve a small portion of its 
Babstance, and polish the turned surface to a certain degree. 
If the plate is now held at C E D F, Jig. 94., we shall see all 
the colors in Newton's Table in the form of concentric rings, 
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as shown in the figure. If the thickness diminishes rapidly 
the rings will be closely packed together, but if the Uuned 
surface is large, and the thickness diminishes slowly, the cot 
ored bands will be broad. In place of turning out the con- 
cavity, it might be done better by grindin^g it out, by allying 
a convex surface of great radius, and using the finest emery. 
When the plate M N is thus prepared, we may give the mck 
perfect polish to the turned surrace by cementing apoa it a 
plate of glass with Canada balsam. The balsam will diy* and 
the plate may be preserved for any length of time. 

By the method now described, the most beautiful petteni% 
such as are produced in bank-notes, &c., may be tnrned upaa 
a plate of sulphate of liifle 0*01818 of an inch thick, cemeolad 
to glass. All the grooves or lines that compose the patton 
may be turned to difierent depths, so as to leave difiSareot 
thicknesses of the mineral, and the e^rooves of difierent deptfai 
will all appear as difierent colors, vvhen the pattern is h^ m 
the apparatus in Jig. 94. Colored drawings of figures and 
Wdscapes may in like manner be executed, liy scraping away 
the mineral to the thickness that will give tbe required ooko; 
or the effect may be produced by an etching ground, aDd 
using water and other fluid solvents of sulp&te of lime to 
reduce the mineral to the required thicknesses. A dphor 
may thus be executed upon the mineral ; and if we cover 
the surface upon which it is scratched, or cut, or dissolved, 
with a balsam or fluid of exactly the same refiractive power as 
the sulphate, it will be absolutely illegible by conmion light, 
and may be distinctly read in polarized light, when placed at 
C E D F in j/?^. 94. 

As the colors produced in the preceding experiments vaiy 
with the difierent thicknesses of the body which produces 
them, it is obvious that two films put together, as they lie in 
the crystal with similar lines coincident or parallel, will pro- 
duce a color corresponding to the sum of their thicknesses, 
and not the color which arises from the mixture of the two 
colors which they produce separately. Thus, if we take two 
films of sulphate of lime, one of which gives the orange of 
the first order, whose number in the last colunm in Newton's 
Table, p. 93., is 5^, while the other gives the red of the 2d 
order, whose number is 11 J ; then by adding these numbers, we 
get 17, wliicli corresponds in the Table to greenish yeUow of the 
3d order. But if the two plates are crossed^ so that similar lines 
in the one are at right angles to similar lines in the otheft 
then the tint or color which they produce will be that which 
belongs to the difierence of their thicknesses. Thus^ in the 
present case, the difierence of the above numbers is 6g, which 
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eorresponds in the Table to a reddish violet of the second 
vdst. If the plates which are thus crossed are equally thick, 
lod produce the same colors, they will destroy each other's 
eftcts, and blackness will be produced ; the difference of the 
unnberB in the Table bemg 0. Upon this principle, we may 
frodace colors by crossing plates of such a thickness as to 
fife no colors separately, provided the difference of their 
iuckneas does not exceed 0*01818 ; for if the difference of 
(heir thickness is greater than this, the tint will be white, and 
Imnd the limits of the Table. 

If the polarized light employed in the preceding experi- 
aents is homogeneous, then the colors reflected from the plate 
B will always be those of the hoipogeneous light employed. 
h red light, for escample, the colors or rather shades which 
neceed each other, with different thicknesses of the mineral, 
fOl be red at one thickness, black at another, red at another, 
tad black at another, and so on with all the different colors. 

If we ^ace the specimen shown in^^. 96. in violet light, the 
li^gB A B will be less than in red light ; and in intermediate 
h&a they will be of intermediate magnitudes, exactly as in 
fhe rings of thin plates formerly described. When white light 
kwed, all the different sets of rings are combined in the very 
nne manner as we have already explained, in thin plates of 
Mff and will form by their combinations the various colored 
lings in Newtcm's Table. 



CHAP. xxn. 

OR THE SYSTEM OF COLORED RINGS IN CRTSTAUS WITH 

ONE AXIS. 

(114) In all the preceding experiments the film C E D P 
must be held at such a distance from the eye, or from the plate 
B^ that its surface may be distinctly seen, and in the apparatus 
oied by different philosophers this distance was considerable. 
h the year 1813 1 adopted another method, namely, that of 
bringing the film or crystal to be examined as close to the eye 
as possible, a very small plate, Bj not above one fourth of an 
inch, being interposed, as in Jig. 94., between the crystal and 
the eye, to reflect the light transmitted through the crystal. 
By this means I discovered the systems of rings formed along 
tbe axes of crystals with one and two axes, which form the 
teoBt splendid phenomena in optical science, and which by 
fteir analysis have led philosophers to the most important di»* 
Qoveries. 
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I diacovered them in rub^, emersld, topai, icev nitre, and ■ 
^reat variety t^ other bodies, and Dr. WoUBstm sfierwaidi 
observed tliem in Icelond spar- 
In order to observe the ajstem of rings nxiDd a amgla um 
of double reiriLCtioQ, grinil down the aummita or obtoae m^Kt 
A X of a rhomb of Iceland spar, &■. 72., and replace them bf 
plane and polisbed surfaces perpendiculai to the ajda of donliH 
refraction A X. But bb this is not an eas; operatiaD withod 
the aid of a lapidary, I have adopted the fiulowjng metbo^ 
which enables us to transmit lig-ht along the axis A X without 
injuring the rtiomb. Let C D E F, fig. 97., be the principd 
section of the thomb ; cement npca 
**■"■ ilfl aurftces C D, FE, with Csna^ 

„jL/ balsam, two prisms, D L E, F G B, 

^^BMlBf having the angles L D K, G F H 
I^^^^^^^^K each equal to about 45° ; and 1^ le^ 



ting fail a ray of light 
larly upon the &ce B L, It will p 
>S along the axis A X, and ^nerg« m^ 

" pa 



pendicularly through Ibe bee 
Let the rhomb thus prepared be heU 
in the polarized beam r t,fig. 94., so that r > may pasa akog 
the axis A X, and let it be held as near the plate B as posiUa 
When the eye is held very near to B, and looks aloiw *« 
it were through the reflected image of the rhomb C E, it wiB 
perceive aJong its axis A X a splendid system of colored liogi 
resembling that shown in^^. ^., intersected by a Tectangalu 




black craes, A B C D, the arms of which meet at the ceoM 
of the rings. The colors in these rings are exactly the WW 
as those in Newton's Table of colors, and consequei^y i^ 
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ame as the system of rings seen by reflexion from the plate 
of air between the object glasses. If we turn the rhomb 
round its axis, the rings will suffer no change ; but if we fix 
the rhomb, or hold it steadily, and turn round the plate B, 
tten, in the azimuths 0°, 90°, 180°, and 270° of its revolution, 
we dball see the same system of rings; but at the intermediate 
ilimaths of 45^ 195°, 225°, and 315°, we shall see another 
mtem, like that in j^. 99., in which all the colors are com- 
liementaiy to those in^. 96., being the same as those seen 

Fig. 99, 




k the rings formed by transmission through the plate of air. 
tlie snperposition of these two systems of rings would^ repro- 
doee white light 

I^ in place of the glass plate B, we substitute a prism <^ 
cakareons spar, that separates its two images ^^reatly, or a 
rixxnb of great thickness, we shall see in the ordmary ima^ 
the first system of rings, and in the extraordinary ima^ l£e 
second system of complementary rings, when the prmcipal 
section of the prism or rhomb is in the plane r « O as formerly 
described. 

As the light which forms the first system of rings is polarized 
in an opposite plane to that which forms the second system, 
we may disperse the one system by a^ale, or absorb it by 
toumudine, and thus render the other visible, the first or the 
second system being dispersed or absorbed according to the 
position of the agate or the tourmaline. 

If we spHt the rhomb of calcareous spar, jig". 97.» into two 
^ates by the fissnre M N, and examine the rings produced by 
eich plate separately, we shall find that the rings produced by 
eich plate are larger in diameter than those produced by the 
whole rhomb, and that the rings increase in size as the thick- 
BMB of the plate diminishes. It will also be found that the 
chrcukr area contained within any one ring is to the circular 
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area of any other ring, as the number in Newtoo's Table €» 
responding to the tint of the one ring is to the number com* 
sponding to the tint of the other. 

If we use homogeneous light, we shall find that the rings 
are smallest in violet light and largest in red light, and of in- 
termediate sizes in the intermediate colors, consisting always 
of rings of the color of the light employed, separated by biaok 
rings. In white light all the rings formed by the aeYen dit 
ferent colors are combined, and constitute the colored tyttam 
above described, according to the principles which were, fidly 
explained in Chapter XII. 

(115.) All the other crystals which have one axis of douUe 
refraction, give a similar system of rings along their axis of 
double refraction ; but those produced by the positive ciystab; 
such as zircoUf ice, &c., though to the eye they differ in no 
respect from those of the negative crystals, yet poasesi di^ 
ferent properties. If we take a system of rings formed by 
ice or zircon, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find 
that the two systems destroy one another, the one being nega- 
tive and the other positive ; an efiect which might have bMB 
expected from the opposite kinds of double refraction poflseaaed 
by these two crystals. 

If we combine two plates of negative cifystals, such as Jce* 
land spar and heryl, the system of rings which they prodoce 
will be such as would be formed by two plates of /ce2an<2«par, 
one of which is the plate employed, and the other a plate 
which gives rings of the same size as the plate of beryl. But 
if we combine a plate of a negative crystal with a plate of a 
positive crystal, such as one of Iceland spar with one of xw- 
con or ice, the resulting system of rings, in place of arisiD^ 
from the sum of their separate actions, will arise from their 
difference ; that is, it will be equal to the system produced by 
a plate of Iceland spar whose thickness is equal to the difieiv 
ence of the thicknesses of the plate of Iceland spar emplmred, 
and another plate of Iceland spar that would give rings of^^the 
same size as those produced by the zircon or ice. 

These experiments of combining rings are not easily made^ 
unless we employ crystals which have external faces perpen* 
dicular to the axis of double refraction, such as the variety of 
Iceland spar called spath calcaire basee, some of the nucM 
with one axis, and well crystallized plates of ice, &c. When 
two such plates cannot be obtained, I have adjusted the axes 
of the two plates so as to coincide, by placing between them, 
at their edges, two or three small pieces of soft wax, by prea>- 
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ingf which m difierent directions, we may produce a sufficiently 
•ccorate coincidence of the systems of rings to establish the 
preceding conclusions. ^ 

Iff when two systems of rings are thus combined, either 
both negative or both positive, or the one negative and the 
odier positive, we interpose between the plates which produce 
them crystallized fiJms of sulphate of lime or mica, we shall 
froduce the most beautiful changes in the form and character 
of the rinffs. This experiment I found to be particularly 
qilendid when the film was placed between two plates of the 
tfoth caicaire basee of the same thickness, and taken fnnn the 
mane crystal. By fixing them permanently with their faces 
puallel, and leaving a sufficient interval between them for 
tbe introduction of films of crystals, I had an apparatus by 
iriucfa the most splendid phenomena were produced. The 
nags were no longer symmetrical round their axis, but exhib- 
kea the most beautiful variety of forms during the rotation of 
the ocHnbined plates, all of which are easily dSucible Sram the 
gODeral laws of double refraction and polarization. 

Tbe table of crystals that have negative double refraction 
riiowB the bodies that have a negative system of rings ; and 
the table of positive crystals indicates those that have a posi- 
tive system of rings. 

(116L) The following is the method which I have used for 
wiDffaiahing whether any system of rings is positive or 
nmative. T^e a film of sulphate of lime, such as that shown 
at C E D F, fig, 94., and mark upon its surface the lines or 
Bsotral axes CD, £ F as nearly as may be. Fix this film by 
t little wax on the sur&ce, L D or F G, fig, 97., of the rhomn 
which produces the negative system of rings. If the film 
produces alone the red of the second order, it will now, when 
oombined with the rhomb, obliterate part of the red ring of 
the second order, either in the two quadrants A C, B D, fig, 
96L, or i|i the other two, A D, C R Let it obliterate the red 
in A G, B D ; then if the line C I>,fig, 94., of the film crosses 
ttKse two quadrants at riffht angles to the rings, it will be the 
principal axis of the sulphate of lime ; but if it crosses the 
ottier two quadrants, then the line E F, which crosses the 
<|DBdFBnt8 A C, B D, will be the principal axis of sulphate of 
hme, and it should be marked as such. We shall suppose, 
however, that C D has been proved to be the principal axis. 
Then, if we wish to examine whether any other system of 
linffB is positive or negative, we have only to cross the rings 
im the axis C D, by interposing the film: and if it obliter- 
ites the red ring of tiie second order in the quadrant which it 

P 
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crosses, the system will be negative ; but if it obliterates tiie 
same ring in the other two quadrants which it does not croes, 
then the system will be positive. It is of no consequence 
what color the film polarizes, as it will always obliterate the 
tint of the same nature in the system of rings imdar eisam- 
ination. 

(117.) In order to explain the formation of the systems of 
rings seen along the axes of crystals, we must consider the 
two causes on which they depend ; namely, the thicknev of 
the crystal through which the polarized light passes, and the 
inclination of the polarized light to the axis of doable refrac- 
tion or the axis of the rin^ We have already shown how 
the tint or color varies wim the thickness of the crystallized 
body, and how, when we know the color lor cme thickness, we 
may determine it for all other thicknesses, the inclination of 
the ray to the axis remaining always the same. We have 
now, tlierefore, only to consider the effect of inclination to the 
axia It is obvious that along the axis of the crystal, where 
the two black lines AB, C D,Jig, 98., cross each other, there 
is neither double refraction nor color. When the poiarized 
ray is slightly inclined to the axis, a faint tint appears, like 
the blue in the first order of Newton's scale ; and as the inc& 
nation gradually increases, all the colors in Newton's taUe are 
produced in succession, from the very black of the fiist ofder 
up to the reddish white of the seventh order. Here, then, it 
appears that an increase in the inclination of the potorized 
light to the axis corresponds to an increase of thiclmesB ; so 
tlmt if the light always passed through the same thickness ci 
the mineral, the different colors of the scale would be pro- 
duced by difference of inclination alone. Now, it is found by 
experiment, that in the same thickness of the mineral, the 
numerical value of the tints, or the numbers opposite to the 
tints in the last column of Newton's table, vary as the square 
of the sine of the inclination of the polarized ray to the axis. 
Hence it follows, that at equal inclinations the same tint will 
be produced ; and consequently, the similar tints will be at 
equal distances from the axis of the rings, or the lines of eqpal 
tint or rings will be circles whose centre is in the axia Let 
us suppose that at an inclination of 80° to the axis we observe 
the bhte of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we wish to know the tint 
which would be produced at an inclination of 45°. The sine 
of 30° is -5, and its square '25. The sine of 45° is "7071, and 
its square .5. Then we say, as *25 is to 9, so is *5 to 18, which 
in the table is the numerical value of the red of the third 
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Older. If we suppose the thickness of the mineral to be in- 
creased at the inclinations 30^ and 45°, then the numerical 
yaloe of the tint would increase in the same proportion. 

It is obvious from what has been said, that the polarizing 
Ibrce, or that which produces the rings, vanishes when the 
double refraction vanishes, and increases and diminishes with 
tlie double refraction, and according to the same law. The 
polarizing fi)rce, therefore, depends on the force of double re- 
naction; and we accordingly find that crystals with high 
doable refraction have the power of producing the same tint, 
either at much less thicknesses, or at much less inclinations to 
the axia In order to compare the polarizing intensities of 
difierent crystals, the best way is to compare the tints which 
they produce at right angles to the axis where the force of 
doQole refraction and polarization is a maximum, and with a 
pwen thickness of the mineral. Thus, in the case ^iven 
above, we may find the tint at right angles to the axis, by 
idling the square of the sine of 90°, which is 1 ; so that we 
have the following proportion : as'25isto9, soisltod6, the 
value of the maximum tint of calcareous spar at right angles 
to the axis, upon the supposition that a tint of the value of 9 
was produced at an inclination of 30°. If we have measured 
the uiickness of Iceland spar at which the tint 9 was produced, 
we are prepared to compare the polarizing intensity of Iceland 
spar wim that of any other mineral. Thus, let us take a plate 
cc quartz^ and let us suppose that at an inclination of 30°, 
and with a thickness fifty-one times as great as that of the 
plate of Iceland spar, it produces a yellow of the first order, 
whose value is about 4 Then to find the tint at 90°, or at 
nefat angles to the axis, we say, as the square of the sine oi 
«r*, or ^, is to 4, so is the square of the sine of 90°, or 1, to 
16^ the tint at 90°, or the green of the third order. Now the 
pohrizing power or intensity of the Iceland spar would have 
been to that of the quartz as 36 to 16, or 2j: times as great, if 
the thickness of the two minerals had been the same ; but as 
the thickness of the quartz was 51 times as great as that of 
the Iceland spar, the polarizing intensity of the Iceland spar 
will be 51 multiplied by 2^ times, or 115 times as great as 
that of quartz. The intensities for various crystals have been 
determined by several observers, but the following have been 
given by Mr. Herschel : — 
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Polarizing Jntenaities of Crystals wiih One 



Iceland spar - - - 
Hydrate of strontia • 
Tourmaline . - 
Hyposulphate of lime • 

Quartz 

Apophyllite, 1st variety 
Camphor .... 
Vesuvian .... 
Apophyllite, 2d variety 
3d variety 



ValiMof 
hlcbwt Tint. 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3 



TUckacMn Oat 



0K)00028 
0-000803 
0-001175 
0-003129 
0K)03034 
0*009150 
0009856 
0-034170 
0030374 
0-366620 



The above measures are suited to veUow light, and die 
numbers in the second column show the proportioas cf die 
thicknesses of the different substances that produce the sune 
tint The polarizing force of Iceland spar is so enormcNis at 
right angles to the axis, that it is almost impracticable to pre- 
, pare a film of it sufficiently thin to eidiibit me colors in New- 
ton's table. 



CHAP. xxm. 

ON THE ST&rrEMS OF COLORED RINGS IN 0RT8TAL8 WITH 

TWO AXES. 

(118.) It was long believed that all crystals had only one 
axis of double refraction ; but, after I discovered the double 
system of rings in topaz and other minerals, I found that these 
minerals had two axes of double refraction as well as of polar- 
ization, and that the possession of two axes characterized the 
great body of crystals which are either formed by art, or 
which occur in the mineral kingdom. 

The double system of rings, or rather one of the sets of the 
double system of rings in topaz, first presented itself to me 
when I was lookmg dong the axis of topaz, which reflected a 
part of the light cS the sky that happened to be polarized, fo 
that they were seen without the aid either of a polarizing or 
an analyzing plate. In this and some other minerals, howmr, 
the axes of double refraction are so much inclined to raie an- 
other, that we cannot see the two systems of rin^ at once. I 
shall therefore proceed to explain them as exhibited by nitre, 
in which I also discovered them and examined many of their 
propertiea 
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Aitre, or tdUpetre, is an oitificia] subetBiice which ctrstal- 
liz^ in Bis-aided priame with angles of about 120°. It bdongs 
lo the prianiatic Bystem of Mobs, and h»M therefore two azea 
cf double retraction along which a ra; of light is not divided 
bto two. These axes are each bclined about SJ° to the axis 
rf the prism, and about 5° to each other. If, thcretbre, we cut 
iS a piece df a priam of nitre with a knife driven by a Bmart 
Uow from a hammer, and polish two flat sur&ces perpendicu- 
)a to the axis i^ the prism, ao as to leave a tbictmeBs of the 
aith or ei^th of an inch, and then transmit the polarized 
light r a, fig. 91., along the axis of the prism, keeping the 
CTyetal as near to the j^ate B as poffiible on one aide, and the 
eye as near it as poedMe on the other, we shall see Uie doid>lf> 
lyatem of rioga^ A B, shown in fig. 100., when the plane pasa- 
iog through uie two axes ai nitre is in the plane of primitive 




lohrin d M i, w in tbe plane of reflexion r * 0, fig. 94., and 
ttiB e^atem afaown in J^. 101. when the same plane is inclined 
Vfi ia either of these planes. Tn passing from the state of 
tg. inX to that of ^. 101., the black linea aaaume the ibrma 
Aown in fig*. 102. and 103. 
These syBtema of ringa have, generally spealdog, the same 



dngs round m 



[le ordeiB of colors commence at the 
P2 




prJ« A, B, Lut « ^-L-i!_ , ,.. 

fT the rinjjpi xithin the tvo Doles U rcif. uid iriB 
Uim; inri th« ^r<x.:lK>iv of uerb^sis pinksDdf 
A* thn Mine col'ir exU\s in every part of the Ml 
ths CPirviM have been called Uochromalic line*, ta 
eftMt fiRf. Th<; lin«s or ax's along which there k 
rMnttiin m prMtization, sad n-bose poles ai« A, Bt 
h«VA bwn cal|i:d i^ical axes, or nj-ei 0/ no polori 
«»f W* eompmtalion. or retuUant aiet; becaoae 1 
baen mind not to be real ajtea, but lines aloog whk 
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acticns of other two real axea have heen compensated, 
tmy one another. 

I.) In various crystallized bodies, Buch as nitre and nr- 
ite, where the inclination of the residtanl axet. A, B, 
XL, is small, the two systems of rings may be eaailf 
t the same time ; but when the inclination of the results 
ee is great, as in topaz, ndphate of iron, &c., we can 
M one of the systems of rings, which may be done most 
aeeously by grinding and polishing two parallel feces 
idieular to the axis of the rings. In mica and topaz, 
rioiis other crystals, the plane of most eminent cleava^ 
illy inclined to the two resultant axes ; so that m such 
tlie syatemB of rings may be readily finmd and easilj 
ted. 

M N, for eicample,^^. 104., be a plate of topaz, cut at 
> aa to have its fiice perpendiculaT to the axis of tha 




in which this body crystallizes. If we place this plate, 
M., in the apperatus^^. 94. bo that the polarized ^f*t 
>•- •!» Jig"' 94., poses along the line ABeB, 

fig. 104., and if the eje receives this 
rsy Vhen reflected trnn the analyidns 
plate B, it will see in the direction rf 
that ray a system of oval rings, libe 
that in^. 105. In like mumer, if 



I I j firsL ThelinesABeEandCBelD 
'If are, therefore, the resultant axes of 
/ f topazL The angle ABC will be loand 
g / equal to abont 121" 16' ; but if we 
r / c<»npute the mclinationof the refiact- 
ed rays B <j, B e, we shall find it, ot 
the angle if B e, to be onlif 65° ; which 
is, therefore, the inclinatmi of tha of>' 
r remltant axe* of topaz. 
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If we suppose the plate of nitre fixed in any of the podtiaDi 
which ^ve any of the rings shown in figs, 100, 101, 102| or 
X03., then, if we turn round the plate B, we shall ofaeerve in 
the azimuths of 90° and 270° a system of rings complements 
ary to each, in wliich the black cross in Jig. 100. and the 
black hyperbolic curves in Jigs. 101. 103. are white, aU the 
other dark parts light, and tlie red green^ the green red, &G. 
as in the single system of rings with one axi& 

In the preceding observations we have supposed the polaiih 
zation of the incident light, and tlie analysis of the transmitted 
light, to be necessary to the production of the rings ; bat in 
pertain cases they may be shown by common light with the 
^sdyzing plate, or by polarized light without t& analyzing 

Elate B, and in some cases without either the li^t beinff po- 
Lrized or analyzed. If in topaz, for example, Jig. 10£, we 
allow common light to fall m the direction A B^ so as to be 
refracted along 6 6, one of the resultant axes, and subseqaently 
reflected at e from the second surface, and reaching the ^e 
at c, we shall see, after reflexion from the analyzmg nJate, 
the system of rings in Jig. 105. ; or if A B is polarized uAU 
tlie rin^ will be seen by the eye at c without an analyzing 
plate. There are several other curious phenomena seen wider 
these circumstances, which I have described in the PluL 
Transactions for 1814, p. 20:3. 211. 

I have found some crystals of nitre which exhibit their 
rings without the use either of polarized light or an analyzing 
plate ; and Mr. Herschcl has found the same property in eome 
crystals of carbonate of potash. 

(120.) When the preceding phenomena are seen by polar- 
ized homogeneous light, in place of white light, the rings are 
bright curves, separated by dark intervals ; the curves living 
always the color of the light employed. In many crystals the 
diflTerence in the size of the rings seen in difierent colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place ; but Mr. Herschel ibund that there 
were crystal, such as tartrate of potash and sodb, in which 
the variation in the size of the rings was enormous, being 
greatest in red, and least in violet light, and in which the 
dktance A B,Jigs. 100. 101., or the inclination of the resultant 
axes, varied from 56° in violet light to 76° in red, the inclina- 
tion having intermediate values for intermediate colors, and 
the centres of all the different systems lying in the line A R 
When all these systems of rings are combined, as they are in 
Using white light, tiie system of rings which they form is ex- 
ceedingly irregular, the two o\'al centres, or the halves of the 
first order of colors, being drawn out with long spectra or 
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(aib of red, ^en, and violet light, and the ends of ail the 
adier rings being red without the resultant axes, and blue 
within. 

Mr. Herschel found other crystals in which the rings are 
tmdteU in red, and largest in blue light, and in which the 
iBcIination of the axes or A fi is least in red, and greatest in 
fiolet light 

in all crvstds of this kind, the deviation of the tints, or the 
eolors of the rings seen in white light, from Newton*s TMe 
UYcrj eonsideraUe, and may be calculated &om the preceding 
yrineiDleflL This deviation 1 found to be very great^ even in 
cryBtaifl with one axis of double refraction and one system of 
rings, aich as apophyUite where the rings have scarcely any 
«tlier tiats than a succession of greenish yellow, and reddish 
Mrpfe ones. By viewing these rings in nomogeneous light, 
Mr. Herschel has found ttiat the system is a negative one for 
the rays at the one end of the spectrum, a positive one for the 
nys at the otiier end of the spectrum, and that there are no 
rings at all in yeUow light 

A similar and equally curious anomaly I have fi)and in 
iflmuberite, which is a crystal which has two axes of double 
nftaetion, or two systems of rings for red light, and one negsr 
ti?e system for violet light 

QSiy, All the singularities of these phenomena disappear, 
ad may be rigorously calculated by supposing the revidtant 
sce« of crystals where there are two, or the single axis where 
dMBre in «ne, with a system of rings deviating mnn Newton^s 
Kde, an merely apparent axes, or axes of compensation, ]^o- 
dneed by the opposite action of two or more rectangular axes, 
the principal one of which is the line bisecting the angle 
fiinned by the two resultant axes. Upon this principle, I have 
shown that all the phenomena presented by such crystals may 
be eompated with as much accuracy as we can compute the 
motions of the heavenly bodies. 
The method of doing this may be understood &om the fol- 
lowing observations. Let A C B D, 
fig. 106., be a crystal with two axes 
turned into a sphere. Let P, P be the 
poles of the axes, O the point bisecting 
them, and A B a line passing through 
O, and perpendicular to CD, a line 
passing through P, P. Let us suppose 
an axis to pass through O, perpendicu- 
lar to the plane A C B D, then we may 
account for all the phenomena of sucn 
eiyitalfl^ by supposing the axis at O to be the principal one, 
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and the other axis to be along either of the diameters ABor 
CD. If we take C D, then the axes O and C D must be bo& 
of the same name, either both positive or both negcttive; bat 
if we take A B, the axes must be one positive ana the other 
negative ; or, what is perhaps the simplest supposition ftr il- 
liistration, we shall suppose the two rectangular axes which 
produce all the phenomena to be A B, C D, either both positive 
or both negative, leaving out the one at O. Supposing A OB; 
C P P D to be projections of great circles of the sphere^ then 
P, P are the points where the axis A B destroys the efifect of 
the axis C D ; that is, where the tints produced by each aab 
must be equal and opposite. Now, if we suppose the ardi 
CP to be60o, then, since AP is 90^ it follows that the iziB 
C D produces at 60^ the same tint that A B does at 90^, and 
consequently the polarizing intensity of C D will be to tfait 
of A E as the square of the sine of 90° is to the square of tbs 
sine of 60°, or as 1 to 0-75, or as 100 to 75. The polanxi]||^ 
force of each axis being thus determined, it is easy to find the 
tint which will be produced by each axis separately at ai^ 
given inclination to the axis, by the method formerly ezpliiih 
ed. Let E be any point on the surface of the sphere, and kt 
the tints produced at that point be 9, or the blue oi the second 
order, by C D, and 16, or the green of the third order, ^ A R 
Let the inclination of the planes passing through A f!, C E^ 
or the spherical angle C E A be determined, then the tint il 
the point E will correspond to the diagonal of a parallelogram 
whose sides are 9 and 16, and whose angle is double the angle 
C E A. This law, which is general, and applies also to double 
refraction, has been confirmed by Biot and Fresnel, the hat 
of whom has proved that it coincides rigorously with the law 
deduced from the theory of waves. 

If the axes A B, C I) are equal, it follows that they will 
produce the same tint at equal inclinations ; that is, they will 
compensate each other only at one point, viz. O, and will pro- 
duce round O a system of colored rings, the very same a^ if 
O were a single axis of double refraction of an opposite name 
to A B, C D. If the axis A B has exactly the same prqwr- 
tional action that C D has upon each of the differently colored 
rays, a compensation will take place for each color exactly at 
O, the centre of the resultant systems of rings, and the cdors 
will be exactly those of Newton's scale. But if each axis ex- 
ercises a different proportional action upon the colored rays^ a 
compensation will take place at O for some of the rays (fiff 
violet, for example), while the compensation for red will take 
place on each side of O ; consequently, in such ft case the 
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ajBtal will have one axis for vi4)let light, and two axes for red 
igHbty like glauberite. 

The phenomena of apophyUite may, in a similar manner, 
e eiqilained ' by two equal negative axes, A B, C D, and a 
ositive axis at O. 

According to this method of combining the action of di^ 
mnt recton^lar axes, it follows that three equal and rectan- 
ular axes, either all positive or all negative, will destroy one 
Dother at every point of the sphere, and thus produce the 
ny flame effect as if the crystal had no double refraction and 
onrization at alL Upon this principle I have explained the 
\meoce of double refraction in all the crystals which form the 
SBnlar system of Mohs, each of the primitive forms of which 
■■ actnaJly three similarly situated and rectangular axe& If 
ne of these axes is not precisely equal to the other, and the 
rfgtallization not perfectly uniform, traces of double refrac- 
ion will appear, which is feund to be the case in muriate of 
odEfl, diamond, and other bodies of this class. 

^122.) The following table contains the polarizing inten- 
itKS of some crystals with two axes, as given by Mr. Her- 
}Mii — 

Polarizing Intennties of Cryatah toith Two Axes. 





Value c( 

Tint. 


TtaickiMMts that 
prodan tlw aaat 
Tiut. 


IVitVM - - ........ 


7400 

1900 

1307 

521 

249 


0-000135 
0O00526 
0*000765 
0^)01920 

0-004021 


XV lux? - ........ 

Anhydrite, inclination of axes 43P 4Sf 
Mica, inclination of axes 45° ... 

Sulphate of baryta 

Heolandite (white), indmotion of> 
axes 54^17' J 



CHAP. XXIV. 

OnriRFBRENCS OF POLARIZED LIGHT.— ON Tl^ CAUSE OF THE 
COLORS OF CRYSTALLIZED BODIES. 

(123.) Haying thus described the principal phenomena of 
colors produced by regularly crystallized bodies that pos- 
I one or two axes of double refraction, we shall proceea to 
2X^ain the cause of these remarkable phenomena. 

Dr. Young had the great merit of applying the doctrine of 
interference to explain the colors produced by double refrac- 
tioo. When a pencil of light falls upon a thin plate of a 
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doubly re&acting crystal, it is separated into two^ wiiich move 
through the plate with diifcrent velocities, corre^ioxidiiig' to 
the difierent mdices of refraction for the ordinary and extnr 
ordinary ray. In calcareous spar, the ordinary ray mave§ 
with greater velocity tiiah the extraordinary one ; and theie* 
fere mey ought to interfere with one another, and in faomo^ 
geneous light produce rings consisting oi bright and dark ens 
cles round the axis of double refraction. According to tbit 
doctrine, however, the rings ought to be produced in oammoD 
as well as in polarized light; but as this was not the case, Dr. 
Young's ingenious hypothesis was long neglectei^ The sub- 
ject was at last taken up by Messrsi Fremei and Arago^ who 
displayed groat address in^their investigation of the Biiib|ect; 
and succeeded in showing how the production of the lingad^ 
pended on the polarization of the incident pencil and iU aob- 
sequent analysis by a reflecting plate or a doubly iefiatcti0g 
prism. 

The fi>llowing are the laws of tho interference of prfiaig^ 
light as discovered by MM. Fresnel and Arago : — 

1. When tux> rays polarized in the same plane imtetfin 
with each other, they will produce by their interference Jrmg9$ 
of the very same kind as if they were common light. 

This law may be proved by repeating the experiments on 
the inflexion of light, mentioned in Chap. XL, in poluized in 
place of common light ; and it will be found that tJie very 
same fi-inges are produced in the one case as in the other. 

2. Wt^ two rays of light are polarized at right angles 
to each other, they produce no colored fringes in the same or- 
cumstemces under which two rays of common light would 
produce them. When the rays are polariTxd at angles tnter- 
mediate between 0^ and 90°, they produce fringes of inter' 
mediate brightness, the fringes being totcdly wlitentted at 
90°, and recovering their greatest brightness at 0°, as in 
Law 1. 

In order to prove this law, MM. Fresnel and Arago adc^Aed 
several methods, the simplest of which is the following, em- 
ployed by the latter. Having made two flue slits in a thin 
{>late of copper, he placed the copper behind the focus P of a 
ens, as in fg, 56., and received the shadow of the a^per 
upon the screen C D, where the fringes produced by liie inte^ 
ference of the rays passing through the two slits were visible. 
In order, however, to observe the fringes more accurately, he 
viewed them with an eye-glass, as formerly described. He 
next prepared a bundle of transparent plates, like either of 
those shown at A and B,fig. 93., made of fifteen thin films of 
mica or piane glass, and he divided this bundle into two, by 
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« sharp catting instrament At the line of division these 
bundles had as nearly as possible the same thickness, and they 
were capable of polarizing completely light incident upon 
them at an angle of dO°. These bundles were then placed 
bailee the slits so as to receive and transmit the rays from the 
haoM F at an incidence of 30^, and through portions of the 
fluca in each bundle that were very near to each other pre- 
fiouB to their separation. The bundles were also fixed to re- 
folTiog frames, so that, by turning either bundle round, their 
planes of polarization could be made either, parallel or at right 
•agles to each other, or could be inclined at any intermediate 
angle. When the bundles were placed so as to polarize the 
mya in parallel planes, the fringes were formed by the slits 
encdy as when the bundles were removed; bat when the 
HKjs were polarized at 90^, or at right angles to each other, 
the fringes wholly disappeared. In all intermediate positions 
the fringes appeared witii intermediate degrees of brightness. 

& Two ra^ originally polarized at right angles to each 
filer mmy be subsequently brought into the same plane ofpo^ 
IwiMticMt, without acquiring the power offormmg fringes 
kg their interference. 

It, in the preceding experiment, a dou];)ly refracting crjrstal 
he placed between me eye and the copper slits, having its 
principal section inclined 45° to either of the planes of polari- 
atkn of the interfering rays, each pencil will be separated 
inlo two equal ones polarized in two rectangular planes, one 
of which planes is the principal section itself. Two systems 
of fringes ought, thererare, to be produced ; one system from 
the interference of the ordinary ray from the right hand slit 
wSik that of the ordinary ray from the left hand slit, and an- 
odier eystem frtsm the interference of the extraordinary ray 
h9m Ae right hand slit with the extraordinary ray from this 
I^ hand aUt ; but no such fringes are produced. 

4 Two rays polarized at right angles to each other, and 
dker war ds brought into similar planes of polarization, pro- 
mtoe fringes by their interference like rays of common light, 
promded they belong to a pencil, the whole of which was 
armnaUy polarized in the same plane. 

a hi the phenomena of interjerence produced by rays that 
hne nffftred double refraction, a difference ofhaffan undu- 
htion must be aXlowed, as one of the pencils is retarded by 
that quantity from some unknoum cause. 

The seciHid of these laws affords a direct explanation of 
the &et which perplexed Dr. Young, that no fringes are ob- 
served vi4ien lignt is transmitted through a thin plate possess- 
ing doable refraction. The two pencils thus produced do not 

Q 
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form fringes by their interference, because they are pokarized 
inovposite planes, 

Tne production of the fringes by the action of doubly re- 
fracting crystals on polarized light may be thus explained. 
Let M Njfig* 107, y be a section of the i^e of sulphate of 
j^, ifyi^ lime» C £ D F,^^. 94^ and B the ana- 

lyzing plate. Let R r be » polarized 
ray incident upon the plate M N, and 
let O and £ be the ordinaiy aad es* 
traordinary rays produced by the 
double refraction oi the plate M N. 
When the plate M N is in snch a po* 
N sition that either ef its neutral azet 

C D, £ F, Jig, 94, tare in the plane of primitive pokrizatioD 
of the ra^ R r,Jig. 107^ then one oi the pencils wiU not so^ 
fer reflexion by the plate B, and consequently only oae of the 
rays will be reflected. Hence it is obvious that no colera can 
be produced by interference, because there is only ene my. 
But in every other position of the plate M N, the two lays^ 
O «, £ 8, will be reflected by the plate B; and being pdariied 
by the plate in the same plane, they will, l^ Law 1., interfere^ 
and produce a color or a fringe corre^ndingf to the retardatkm 
of one of the rays within the plate, arising nom the difierenoe 
of their velocities. If we call d the interval of retardatioii 
within the plate M N, we must add to it half an nnduktioD 
to get the real interval, as one of the rays passes from the or* 
dinary to the extraordinary state. If we now suppose the 
plate B to make a revolution of 90^, M N remaimng fixed, 
then the ray £ will be reduced to the ordinary state ; iad eon- 
sequently we must subtract half an undulation from d, the in- 
terval Qt retardation within the plate, to have the real differ- 
ence of the intervals of retardation. Hence the two intervals 
of retardation will difler by a whole undulation ; and conse* 
quently the color produced when the plate B has been torned 
round 90^, will be complementary to that which is produced 
when the plate B has the position shown in^^. 107. 

If we suppose the rays £ and O to be received upon and 
analyzed by a prism of Iceland spar, we shall have two Cr^ 
dinary rays interfering to form the colors in one imager and 
two extraordinary rays interfering to produce the compTemenfrt' 
ary colors in the other image. 



U7. XXV. poLABixnro ststxttiike of ahalcdix. 16S 
CHAP. XXV, 



^124.) Iw ■ preceding chapter I have mentuated the veij 
DMrkaUe ilouble refractioo which is poasesaed bf analcima. 
Ub miaenl, which ie also called <rabizite, has been Fegncdej 
' miDeralogists as luving the cube S>t its primitive form; but 
this were correct, it ehoald have exhibited no double refrac- 
a. Afialeime has certainly no cleava^ planes, and it miul 
I legarded at present aa fiirming in thu respect as great an 
loaSiy in crfstallograph; as it does iH optics bj its exti»- 
dinajy optic^ pheBoraena. 

The moA common fcarn oT the analciine is the wAHi called 
B ioo»UetrahedTOH, which is bounded bv twentv-fbar eqi^ 
id sinulBj trapezia. ; and we nu.y regard it aa derived from 
e cube, tv cutting off each (£ Oe an^ee by three planes 
iwU|f incliaed to the three tacea which contain the sdid 
i^e. If we now coaceive the cube to be dissected by ]^nes 
amg tlirough all the twelve dtasoDBls of ita six &cea, each 
these planes will be found to be a plane of no double re- 
letion, or polarization ; that is, a ray o[ polarized light trana- 
kted in any direction whatever, provided it ia in one (f these 
UMH, will exhibit none of the polariied tints when &e 
fstsl is [daced in the apparatus, ^g. 94. These phaea of 
■e ahflWB by dark lines in _foa, 1(S. and 
109. If ttie polariz^ ny is ii*. 
cident in any direction which 
fs xmt of these plane^ it will 
be divided into twc pencils, and 
Bxhihit .the finest tints, all^of 
which are related to the planes of 
BO doable idrnrftion. The douUe 
refraction is eofficiently gfeat to 
admit a distinct separation .of the 
images when the incident ray 



>dOHUe rafrsction ai 




the three axes of the sofid, or of 
the cube from which it is derived. 
The least re&acted ii 
extraordinary one ; 
quently the double refraction is 
negative in relatbn to the axes 
to which the doably refracted ray 
is perpendicular. 



esoUd, 
itiade 
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In all other doubly re&acting ciystals, each particle has tiie 
same force of double refraction; but in the analcime, the 
double refraction of each particle varies with the square of its 
distance from the planes already described. 

The beautiful distribution of the tints shown in figw. 106L 
and 109. cannot, of course, be exhibited to the eye at once^ 
but are deduced by transmitting polarized light in evvy 
direction through the mineral. 

In several of the crystals, the tints rise to the thiid and 
fourth order ; but when the crystals are very small* the tints 
do not exceed the white of the first order. The tints aie ex- 
actly those of Newton's scale, which indicates that they are 
not the result of opposite and dissimilar actions, lufigg, 106L 
and 109. the tints are represented by the fiunt shaded lines 
having their origin from the planes where the doable re&ae* 
tion disappears. 

The preceding property of analcime is a simple and easily 
applied mineralogical character, which would identify the most 
shapeless fri^ment of the mineral 

The abbe Hauy first observed in this mineral its pfup erty 
t£ yielding no electricity by firiction, and derived Hbe name or 
analcime m>m its want of this pn^rty. When we eoneider 
that the crystal is intersected by numerous planes* in whidi 
the ether does not exist at all, or has its properties neatn^oed 
by opposite actions, we may ascribe to this cause the difficulty 
with which friction decomposes the natural quantity of dee- 
tricity residing in the mineral 



CHAP. XXVI. 

ON CIRCULAR POLARIZATIOlf. 

(125^. In all crystals with one axis there is neither ixsMe 
remiction nor polarization along the axis ; and this is indicated 
in the system of rings, by the disappearance of all light in tfae 
centre of the rings at the intersection of the black doea 
When we examine, however, the system of rin^ prodoeed 
by a plate of rock crystal whose faces are perpendieoutr to ^ 
axis, we find that the black cross is obliterated within As 
inner ring, which is occupied with a uniform tint of fed, 
green, or blue, according to the thickness of the plat& TTus 
efiect will be seen in fig. 110. M. Arago first observed 
these colors in 1811. He found that when they were analysed 
1^ a prism of Iceland spar, tiie two images had complemeDtaiy 




CBAP> XXVI. on CIRCVLAS POLASIEATION. 166 

«(ilo(% and that the cdon changed, descending in Newton's 

rig. 110. scale as the prian revolved ; eo tlmt if 

the color of the extraordinarf image 

was red, it became in succewion orange, 

t/ettote, green, and vioUt. Frtaa uisi 

L reanlt be CMiduded, that the difinrentlT 

I colored rajs bad been polarized in dit 

F ferent planes, by passing along the axis 

' of the rock crfsUL In this state of the 

subject, it was taken up by Ti/L Biot, who 

' avestig^ed it with much sagacity and 

Let G E D F be the plate of quartz, &-. 94., along whose 
wda a pdarized ray, ra, is tranamitted. When the eye is 
oteced at O, above the analyzing plate fixed as in the figure, 
It will see, for eiamide, a circular red space in the centre of 
(Ik rings. If we turn the quartz round its axis, no chant;? 
whatever takes place ; but if we turn the phite B from tifftL 
to left, through an angle of 100° for example, we shall observe 
the red change to orange, ydlmo, green, and violet, the latier 
iHTing a dark purple tinge. If we now cut from the same 
priMU of rock crysM another plate of twice the thicknem, and 
tiMKe it ui tbe apparatus, the plate B remaining where it was 
Ut, we shaU find that its tint is difierent from that of the 
firmer ^laXe ; but by turning the plate B 100° tiutfaer, we 
■ImU again bnng the tint to its least brigbtness, vis., a sonibre 
nalet By a pjate thrice as9 (hick, tbe least brightness will 
be obtained by turning the plate B 100° brther, and ao on, till, 
when the thickness is very great, the plate B may have made 
several complete revolotions. Now, it might happen that a 
thickneK had been taken, so that the rotation of B which pro- 
duced the sombre violet was 360°, or terminated in the point 
0°, from which it set out, which would have perplexed tbe 
observer, if he had not made the succession d experiments 
which we have mentioned. 

This [Aenomenon will be better understood, by supposmg 
tkat we take a plate of quartz Ath of an inch tfajck, and uss 
dw di^rent homogeneous ravs a the spectrmn in succei 
Beginniiu[ with red, we Bhall find that the red light u 
eentre of the rings has its manmum brightneu when the 
plateBisatO°ofazimuth, asin^. 94. If we turn B 6om 
right to lefi, the red tint will £rraduBlIy decrease, and alter a 
ntatka of 17^° the red tint wUl wkoUy vanith, having reach- 
ed its minimum. With a plate ^^ths thick, the red will 
mniah at 35°, evety additional thickness of the 25th o[ an 
inch requiring an additional cotatiiai of 171°. If the light i> 
Q2 
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violet, the same thickness, viz., ^th of an inch, will '^^un a 
rotation of 41^ to make it vanish, every additional 25tii of 
an inch of thickness requiring a rotation of 41° n^re. 

(126.) The rotations for dmerent colors carreqpoiidiDg to 1 
miliimetre, or ^th of an inch of quartz, are as ft 



iw»: — 



r 



Hoaofneotw Bsjr. 



Extreme red - - ' • • 

Mean red 

Limit of red and orange - 

Mean orange 

Limit of orange and yellow 

Mean yellow 

Limit of yellow and green- 
Mean green ... 



Am of 

Boiatio^ 



17O30' 

19 00 

20 2tf 

21 24 

22 10 

24 00 

25 40 
27 51 



Limit of green and bloe • 

Mean blue 

Limit of blue and indigo 
Mean indigo .... 
Umit of indigo and violet 

Mean Tiolet 

Extreme violet - • • 




Upon trying various specimens of quartz, M. Bioit feond 
that there were several in which the verv same jdienonuna 
were produced by turning the plate B from left to rifkL 
Hence, in reference to this property, quartz may be divided 
iato right-handed and left-handed quartz. 

Prom these interesting facts it follows, that, in paanng 
along the axis of quartz, polarized light compcHrts itself at iti 
egress from the crystal, as if its planes of pcdarization revolved 
in the direction of a spiral within the crystal, in some apeci* 
mens from right to left, and in others from left to righL **To 
conceive this distinction,*' says Mr. Herschel, ^ let ue reader 
take a common cork-screw, and holding it toith the head Uh 
wards him, let him turn it in the usual manner as if to pen^ 
trate a cork. The head will then turn the same way as the 
plane of polarization of a ray, in its progress ftrom toe spec- 
tator through a right-handed crystal, may be conceived to da 
If the thread of the cork-screw were reversed, or were what 
is termed a left-handed thread, then the motion of the bead 
as the instrument advances would represent that of the plane 
of polarization in a left-handed specimen of rock crystaL" 

From tlie opposite characters of tliese two varieties of quarti» 
it follows, that if we combine a plate of right-handed with a 

Slate of left-handed quartz, the result of the combinaticm will 
e that of a plate of tlie thickest of the two, whose thickneei 
is equal to the difference of the two thicknessea Thus, if a 
plate -^jrih of an inch thick o^ right-handed quartz iscombiDed 
with a plate Aths thick oS left-handed qtuirtz, the same cdon* 
will be procfuced as if we used a plate Tr^^ths of an indi 
thick of left-handed quartz. When the thicknesses are eqnalf 
the plates of course destroy each other's effects, and the 8^ 
tern of rings with the black cross will be distinctly seen. 
(127.) In examinmg the phenomena of circular polarizatioOt 
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in tiM mmetky^, I found that it ponesaed the power in the 
■ma Bpecimen of turning the planes of polarizatiiai both 
ftam rwU to left uid from kji to Hghl, and that it sctnallj 
EOniatu of oUetTtate ttrata of right and lefi-banded quartx, 
~'~nea were parallel to the axia of double refraction of 
When we cut a plate perpendiculu to the axis of 
■■B irunii we therefiire cut acroaa these strata, as siiown in 
/Ig. UL, which exhibits sections of the strata wliich occur 
Fit. 111. ' opposite the three alternate lacee oT the 

BUE-sided prism. The fhaded lines are 
those wiiich turn the planes of polaiia- 
tion from rigkt to iejl, while the inter- 
mediate unshaded ones and the three un- 
k shaded sectors tarn them from left to 
J right. These strata, are not united to- 
gether like the parts of certain composite 
ciystak, whose dissimilar faces are 
hrought into mechanical contact ; for the 
right and letl-handed strata, destror each 
. IT st the middle line l>etween each stratum, and each Btra- 
bm has its maximum polarizing force in its middle line, the 
ferae diminishing gmdutillf to the lines of junction. 

b KHne specimens of amethyst the thickness of these sttita 
b ■> minute, that the action of the right-handed stratum ex- 
iMlda nearly to the central line of the lefl-haoded stratum, 
ud wiee oerad, so as nearly to destroy each other; and hence 
ta mch specimens we see the system of colored ringv with 
tha black cross almost entirely uninfluenced by the tints cf 
sktular polarization. A vein of amethyst, therefore, .^th of 
m mch uiick in the direction of the axis, may be so thm in a 
liractioD perpendicular lo the axis that the arc of rotation for 
Am i«d my ma; be 0° ; and we shall have the curious phe- 
umeiian ot a, plate which polarizes circularly only the most 
nftangiUe rajs of the spectnim. By a greater degree of 
Umteas in the strata, the plate would be bcapable of polar- 
iang circularly the yellow ray ; and tiy a greater thinness 
tin, there would be no action on the violet light Tfaess 
M)le actions, however, might be rendered visible at great 
Ueknesses of the mineral. 

We may therefore conclude that the axes of rotation in 
Hnethyst var^ from 0° to each of tiie numbers in the preceding 
llhle, ttccording to the thickness of the strata. 

The coining matter of the amethyst I have found to be 
Mioaal; distributed in reference to these views; but I must 
nbr to the co'iginal memoir for ftrther intbrmatioo.* 

• Mitttuik l>un»cttoiu.T0l, li, p. 13S, 
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M. Biot maintained that this remarkable property of ^juarts 
resided in its ultimate particles, and accompamed th^n m all 
their combinations. I have found, however, that it is not pc» 
aeased by opal, tabasheer, and other silicious bodies, and that 
it disappears in melted quartz. Mr. Herschel also found tint 
it does not exist in a solution of silica in potash. 

Hitherto no connexion could be traced beiweea 
the right and left-handed structure in quarts, and 
the crystalline form of the enpecimehs which posBeah 
ed these properties. Mr. Herschel, however, dii- 
covered that the plagiedral quartz which oontaiDS 
unsymmetrical faces, x x x^fig, 112., turns the pknes 
of polarization in the same d&ection in which theaa 
&ces lean round the sunmiits Axx, axx. 

Circular Polarization in Fluids. 

(128.) The remarkable property of polarizing lig^t dreii- 
larly occurs in a feeble degree in certain flui£, in whidi it 
was discovered by M. Biot and Dr. Seebeck. lifr. Hemhd 
has found it in camphor in a solid state, and I have discovered 
It in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fillit with oil of tnrpentiiM^ 
and place it in the apparatus, fig, 94., so that polarized Ugfat 
transmitted throug^h the oil may be reflected to the eye fion 
the plate B, we snail observe the complementary colors and a 
distinct rotation of the plane of polarization firom right to left 
Other fluids have the property of turning the planes of polari- 
zation from left to right, as shown in the following taUe^ 
which contains the results of M. Biofs experiments. 

Crystals which turn the Planes from Right to Left 




Rock crystal 

Oil of turpentine 

Solution of 1753 parts of artificial camphor > 

in 17359 of alcohol J 

Essential oil of laurel. 
turpentine. 



Arr of EoUtioB 
for cvtryMUi 
of an laeh ia 
ThickaMfc 



180 26^ 
16 

01 



R«1>Ut« Thick' 

MHM tmt 

rradaN tlM 
■MuUhcL 



1 

68^ 



Crystals which turn the Planes from Left to RighL 



Rock crystal 

EsMntial oil of lemons . . . . 
Concentrated ss^iup (fimn lugar) • 



AreorSottttoa 
fbrereryMUl 
of u ioeli ia 
ThlnkweM. 



180 25' 
96 
33 



•MM ttaT 



1 
38 
44 
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In examining these phenomena, M. Fresnel discovered that 
in quartz they were produced by the interference of two 
pencils formed by double refracticm along the axis of the quartz. 
He succeeded in separating these two pencils, which dif^ 
both from common and polarized light They di£fer from 
polarized light, because when either of them is doubled bv a 
doubly refrs^ng crystal, the pencil or image never vanishes 
during the revolution of the crystal. They difier from com- 
mon fight, because when they sujffer two total reflexions from 
paBB, at an angle of about 54°, the one will emerge polarized 
m a plane inclined 45° to the right, and the other in a plane 
4SP to the left, of the plane of total reflexion. M. Fresnel 
has also discovered the following properties of a circularly 
polarized ray : — When it is transmitted through a thin doubly 
refracting plate parallel to its axis, it is divided into two 
p^Bcfls with' complementary colors ; and these colors will be 
■n exact (juarter of a tint, or an order of colors, either higher 
or lower m Newton's scale, than the color which the same 
et70tftllized plate would have given by polarized light M. 
Fmoel also proved that a circularly polarized ray, when 
tnmaniitted along the axis of rock crystal, will not exhibit the 
eonqdementary colors when analyzed. 
^ (129.) In the prosecution of this curious subject, M. Fresnel 
diieo?ered the following method (^producing a ray poaseoung 
mS the above properties, and therefore exacUy similar to cne 
of the pencils produced by circular double refraction. Let 
ABC t^jfig' 113., be a parallelepiped of crown ^ass, whose 
index of refraction is 1*510, and whose angles A B C, A D C 
are each 54}°. If a common polarized ray, R r, is incident 
Jff. 113. perpendicularly upon A B, and emerges 

perpendicularly from C D, after having 
rafiered two total reflexions at E and F, at 
angles of 54}° ; and if these reflexions are 
peHbrmed in a plane inclined 45° to the 
plane of polarization of the ray, the emer- 
gent ray F G will have all the properties 
of a circularly polarized ray, resembling in 
every respect one of those produced by 
double refraction along the axis of rock 
crystal. But as this circularly polarized 
ray may be restored to a single plane of 
polarizatkx), inclmed 45° to the plane of reflexion, by two 
total Flexions at 54}°, it follows, and I have verified the re- 
sult by observation, that if the parallelepiped A B C D is 
nifficiently long, the pencil will emerge cu*cularly polarized, 
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at 2, 6, 10, 14, 18 reflexions, and polarized in a sin^rle plane 
after 4, 8, 12, 16, 20 reflexion& 

M. Fresnel proved that the ray R r would emerge at 6, 
circularly polarized by three total reflexions at 699 12', and 
four total reflexions at 74P 42'. Hence, according to the pie- 
ceding reasoning, the ray will be circularly polarized liy 9^ 
15, 21, 27, &c reflexions at 69° 12', and restored to oommoB 
polarized light at 6, 12, 18, and 24 reflexions at the sune 
angle ; and it will be circularly polarized by 12, 20, 28^ 96^ 
&c. reflexions at 74° 42', and be restored to common polar- 
ized light by 8, 16, 24, 32, &c reflexion& 

I have found that circular polarization can be piodaced hf 
2}, 7^, 121, &c. reflexions, or any other number which is t 
multiple of 2^ ; for though we cannot see the ray in the mid^ 
die of a reflexion, yet we can show it when it is restored to t 
single plane of polarization, at 5, 10, 15 reflexions.* WheD 
we use homogeneous light, we find that the anffle at which 
circular polarization is produced is diflTer^it for the difierently 
colored n,j3; and hence these difierent rays cannot be restored 
to a single plane of polarization at the same angle of reflezkn. 
Complementary colors will therefore be produced, each as I 
described long ago, and which, I believe, have not been olh 
served by any other person.f These cobrs are essentially 
difl^rent from those of common polarized lijSfbt, and will n 
understood when we come to explain those of elliptical po]a^ 
ization. 



CHAP. XXVIL 

ON BLUPTICAL POLARIZATION, AND ON THE ACmON OF 

KETAI^S UPON LIGHT. 

On Elliptical Polarization. 

(130.) The action of metals upon lig^t has always present- 
ed a troublesome anomaly to the philosopher. Malus at first 
announced that they produced no efiect whatever; but he 
afterwards found that the difierence between transparent and 
metallic bodies consisted in this, — that the former reflect all 
the light which they polarize in one plane, and refiract all the 
light which they polarize in an opposite plane ; while metalUe 
bodies reflect what they polarize in both planes. Before I was 

* See Pkil. TVansaetions, 1830, p. 301. 
t See Pkil. Transaetiotu, 1830, p. 309. 385. 
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pttiDted with any of the experiments of MaJus, I had found* 
it light was modified hy the action of metallic bodies ; and 
it, in all the metals which I tried, a great portion of light 
8 polarized in the plane of incidence. In February, 1815, 
iacovered the curious property possessed by silver and gold 
1 other metals, of dividing polarized rays into their comple- 
ntary colors by successive reflexions : but I was misled by 
Be iX the results into the belief, that a reflexion from a 
tailic surface had the same eflect as a certain thickness of 
lyBtallized body; and that the polarized tints varied with 
( angle of incidence, and rose to higher orders, by increasing 
t number of reflexions. M. Biot, in repeating my experi- 
nts^ and in an elaborate investigation of the phenomena,! 
8 nusled by the same causes, and has given a lengthened 
ail of experiments, formulse, and speculations, in which all 
I zeal phenomena are obscured and confounded. Although 
ad m^ ftdl share in this rash generalization, yet I never 
med it as a correct expression of the phenomena, and I 
re repeatedly returned to the subject with the most anxious 
■re 01 surmounting its difliculties. In this attempt I have 
seceded ; and I have been enabled to refer all the phenomena 
the action of metals to a new species of polarization, which 
ave called elliptical polarization^ and which unites the two 
■868 of phenomena which constitute drctdar and rectilineal 
aiization. 

[131.) In the action of metals upon common light, it is easy 
recognize the fact announced by Malus, that the light 
lidi wey reflect is polarized in difTerent planes. I have 
tnd that the pencil polarized in the plane of reflexion is 
njs more intense than that polarized m the perpendicular 
ne. The difference between these pencils is least in silver, 
1 greatest in galena, and consequently the latter polarizes 
re light in the plane of reflexion than silver. The following 
lie dK>ws the effect which takes place with other metals :— 

Order in teMeh (ke Metals polarize most Light in the PUme of 

Reflexion, 



(•teas. 


Steel. 


Copper. 


Fine gold. 


iMd. 


Zinc. 


Tin plate. 


Common silver. 


hsy cobftlt. 


Speculum metal. 


Brass. 


Pure silver. 


Uwnical oobalt. 


Platinum. 


Grain tin. 


Total reflexion 


inm pyrites. 


Bismutb. 


Jewellers* gold. 


firom glass. 


lUUmoDy. 


Mercury. 







* Trtotiae on Jfew Philos. Instruments, p. 347. and Preface, 
t TraiU ds Physique^ torn. iv. p. 579. 600. 
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By increasing the number of reflexions, the whole of tbe 
incident light may be polarized in the plane of reflexioD. 
Ei^ht reflexions from plates of steel, between 60^ and 80^, 
poEirize the whole light of a wax candle ten feet distant An 
increased number of reflexions [above 361 is necessary to do 
this with pure silver; and in total renexions from glsm, 
where the circular polarization begins, and where tbe two 
pencils are equal, the efiect cannot be produced by any nnmber 
of reflexions. 

In order to examine the action of metals upon polariaed 
light, we must provide a pair of plates of each metal, flatly 
ground and highly polished, and each at least 14 inch long 
and half an inch broad. These parallel plates should be fixed 
upon a goniometer, or other divided instrument, so thai cue 
or the plates can be made to approach to or recede from tbe 
other, and so that their sur&ces can receive the polarized lay 
at different angles of incidence. In place of giving the plttes 
a motion of rotation round the polarized ray, I have ftiimd it 
better to give the plane of polarization of the ray a notioB 
round the plates, so that the planes of reflexion and of pokui- 
zation may be set at any required an^le. The ray reneebsd 
from th^ plates one or more times is men analyzed, either by 
a plate of glass or a rhomb of Iceland spar. 

when the plane of reflexion from the plates is either jmt- 
aUel or perpendicular to the plane of primitive polarization, 
the reflected light will receive no peculiar modification, ex- 
cepting what arises from their property of polarizing a poitioD 
of light in the plane of reflexion. But in every other positioo 
of the plane of reflexion, and at every angle of incidence, 
and after any number of reflexions, the pencil will have re- 
ceived particular modifications, which we shall proceed to 
explain. One of these, however, is so beautiful and striking, 
as to arrest our immediiate attention. When the plates axe 
silver or gold, the most brilliant complementary colors are 
seen in the ordinary and extraordinary images, changing with 
the angle of incidence and the number of reflexions. Theie 
colors are most brilliant when the plane of reflexion is in- 
clined 45° to the plane of incidence, and they vanish when 
the inclination is 0° or 90°. All the other metals in the taHe, 
p. 191, give analogous colors ; but they are most brilliant io 
silver, end diminish in brilliancy from silver to galena. 

In order to investigate the cause of these phenomena, let 
us suppose steel plates to be used, and the plane oi the polar- 
ized ray to be inclined 45° to the plane of reflexion. At an 
incidence of 75° the light has suffered some physical change, 
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■ a mazimuin at that angle. It is not polarized light, 
> it doea Dot vanish durine the revolutioa of the ana^ 
filate. It is neither partiiiJly polarized light nor cam- 
lit; because, when we refiect it a second time at 75°, 
itored to light polarized in one plane. If we tranimit 
tt reflected fhnn steel at 75° along the axis of Icelawl 
e ayrtein of rings shown in^^. 96. is changed into the 

-*• iafig. lit, aa if ft thin film of a oryBtallized 

body whicb polarizes the blue of the 
first order had croesed the syrtem. If 
we substitute for the calcareous spar 
films of sulphate of lime which give 
difierent tints, we shall find that these 
tmts are increased in value by a quao- 
tity nearly equal to a quarter of a tint, 
according as the metallic action coin- 
cides wiUi or oppoees that oTthe crys- 
tal. It was on the authority of this 
experiment that I was led to believe 
jIbIb acted like crystallized plates. And when I fimnd 
e colors were better developed and more pure aAer 
ive reflexions, I rashiy concluded, as M. Biot also did 
le, that each successive reflexion corresponded to an 
lal thickness of the fllm. In order to prove the error 
opinion, let us transmit the light reflected 2, 4, 6, 8 
roiD steel at 75° along the axis $ Iceland spar, and we 
nd that the system of rings is perfect, aod that Iha 
)f the light is polarized in one plane; a result absolutely 
atible with the supposition of the tints rising with the 
: of reflexions. At 1, 3, 5, 7, 9, 11 reflexions, the li^t 
ransmitted along the axis of Iceland mar will produce 
A equal to nea^y a quarter of a tint, beyond which it 

W conceived that light reflected 1, 3, 5, 7, 9 times from 
. TO" resembled circularly polarized light In circularly 
jd light produced by tieo total reflexions Irom glass, the 
pnaU; polarized -f 45° to the plane of reflexion i^ by 
) reflexions at the same angle, restored to light poIarizM 
to the plane of reflenion ; whereas in steel, a ray polar- 
45°, and reflected mice from steel at 75°, isrestinred by 
• jeflexion at 75° to light polarized — 17°. 
I difierent metals the same effect is produced, but the 
aco of the plane of polarization of the restored ray is 
it, as the folbwing table shows : — 
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Tdtai BcflazlOM. 


iBcHnaU'ui' 
of rwlonid' 
Ray. 1 


TMal BiOezloM. 


OfllUHlrt 


From fflass ... 
Pure suver - . - 
Common silver - • 
Fine gold - . . - 
JeweUcrs' gold - - 
Grain tin - - . - 

Brass 

Tin Plate - . - - 

Copper 

Mercuiy - . . - 
Platinum .... 


450 (y I 

3948 1 
36 ' 
35 
33 
33 
32 
31 
29 
26 
22 


Bismuth .... 
Speculum metal 

Zmc 

Steel 

Iron pyrites • - < 
Antimonv - - • 
Arsenical cobalt 
Cobalt ..... 
Ijaad 




210 a 
21 
1910 
17 
14 
1615 
13 
12 30 
11 
2 



xjcmu . . . . • 

(jalena .... 
Specular uuu, - 



In total reflexions, or in circular polarization, the circolaily 
polarized ray is restored to a single plane by the same number 
of reflexions and at the same angle at which it received cii^ 
cular polarization, whatever be the inclination of the plane of 
the second pair of reflexions to the plan^ of the first pair ; but 
in metallic polarization, the an^le at which the second re- 
flexion restores the ray to a single plane of polarization varies 
wiUi the inclination of the plane of the second reflexion to the 
plane of the first reflexion. In the case of total reflexions, 
this angle varies as the radii of a circle ; that is, it is always 
the same. In the case of metallic polarization, it varies as 
the radii of an ellipse. Thus, when the plane of the polarized 
ray is inclined 45° to the plane of primitive polarization, the 
ray reflected once at 75° will be restored to polarized light at 
an incidence of 75° ; but when the two planes are parallel to 
one another, the restoration takes place at 80° ; and when they 
are perpendicular, at 70° ; and at intermediate angles, at in- 
termediate inclinations. For these reasons, I have called this 
kind of polarization elliptic polarization. 

We have already seen that light polarized + 45° is ellipti- 
cally polarized by 1, 3, 5, 7 reflexions from steel at 75°, and 
restored to a single plane of polarization by 2, 4, 6, 8 reflexions 
at the same angle ; and we have stated that the ray restored 
by two reflexions has its plane of polarization brought into 
the state of — 17°. The following are the inclinations of this 
plane to the plane of reflexion, by difierent numbers of re- 
flexions from steel and silver : — 



No. 
of Re- 
flexions. 


Inclination of the Plane 
of the polarised Ray. 


No. 

of Ru- 

tlexions. 


lucliiiution of the Plane 
of the polarized Ray. 


Steel. 


Silcer. 


Stee/. 


Silver. 


2 

4 

.6 

8 


— 17° 0' 
+ 522 
— 138 

+ 30 


— 38° 15' 
+ 31 52 

— 26 6 

+ 21 7 


10 
12 

18 
36 


— 0° 9' 
+ 03 

— 
+ 00 


— 16° 56^ 

+ 13 30 
— 6 42 
+ 47 
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rhese results explain in the clearest manner why common 
U is polarized by steel after eight reflexions, and by silver 
till after thirty-six reflexions. Common light consists (^ 
) pencils, one polarized -f 45°) and the other — 45°; and 
*! Inrings these planes of polarization into the plane of re- 
ion anir eight reflexions, while silver requires more than 
ty-cdx reflexions to do this. 

L32.) The angles at which elliptical polarization is pro- 
ed by one reflexion may be considered as the maximum 
irizing angles of the metal, and their tangents may be 
ndered as the indices of refraction of the dirorent metalSy 
liown in the following table : — 



Ham* of MetaL 


Potertatioa. 


tain or 

B«flnett<M> 


Gram tin - - - - 
Mercury -• - - - 
Galena .... 
IroD p3mte8 - - - 
Grey cobalt - - - 
Specnhim metal - 
Antimony melted • 
Steel ..... 
Bismuth .... 
Pure silver ... 

Zinc 

Tin plate hammered 
Jewellers' gold - - 


78© 30^ 

78 27 
78 10 
77 30 
76 56 
76 
75 25 
75 
74 60 
73 
72 30 
70 60 
70 45 


4^i6 

4-893 
4-773 
4-511 
4-309 
4-011 
3-844 
3-732 
3-689 
3-271 
3-172 
2-879 
2-864 



miptical polarization may be produced by a sufficient num- 
Cff reflexions at any given angle, either above or below 
maximum polarizing angle, as ^own in the following table 
Steel:— 



JTamber nf ReflexloM at 
wkicb Klliptlcal Potarla- 
Hon la produred. 


Number of Beflexiooa at 
which Um PtBcO ia ra- 
atored to a aiiicle Plana. 


Obaarmd As«la 
or lacidenca. 


3 9 15 &c 
2A 7^ 12i &c. 
2 6 10 &c. 

U4i '^h^- 

1 3 5 <&c. 

im 7i&c. 

2 6 10 &c. 
2^ 7^ 12^ &c. 

3 9 15 &c. 


6 12 18 &c 
6 10 15 <V/% 
4 8 12 &c. 
3 6 9<V^. 

2 4 6 Ar/% 

3 6 9<&c. 

4 8 12 &c. 

5 10 15 &c. 

6 12 18 &c. 


86° 0' 
84 

82 20 
79 
75 
67 40 
60 20 
56 25 
52 20 



Hien the number of reflexions is an integer, it is easily 
srstood how an elliptically polarized ray begins to retrace 
course, and to recover its state of polarization in a single 
e, by the same number of reflexions by which it lost it ; 
it is interesting to observe, when the number of reflexions 
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is Ij, 2k or an^ other mixed Dumber, that the ny miutht?* 
acqnired its ellijitical polarizatloo ia the middle of the Kami 
ftoa third Teflexion ; that is, when it had reached its gntSM 
depth within the metallic sur&ce it then begins to nMonte it) 
■titte of polarization in a single plane, and recoven it' at tbe 
end of 3, 5, and 7, reflexions. A very remarkable afieet tkket 
place when one reflexion is made on one aide rf the ma- 
mum polarizing angle, and one on the other side. A n; tint 
has received partial elliptical polarization by one reSezMi it 
85° doea not acquire more elliptic polarization t^ a rafleiin 
Kt 54°, but it relraces its couise and recovers its state of sii^lt 
polariMlion. 

By a method which it would be out of place to ezpliiD 
here, 1 have determined the number of points of reatoratiai 
which can occur at diSerent angles of incidence from 0° to 
90°, &r any number of reflexions; and 1 have represented 
them in fig. 115., where the arches I, I., II, IL, &c r^maent 
the quadrant of incidence, for on«, lioo, im. re&eziaia; C 



Fie. us. 




b«ng the point of (H>, and B that of 90° of incidence. Ii the 
quadrant, I, L there is no point of restoration. In II, IL tbeie 
is only OTie point or node of restoration, viz. at is° in nltm-. 
In III, III. there are two points of restoration, because a ray 
ejliptically polarized by one and a half reflexion will be re- 
stored by three reflexiong at 63° 43' beneath the maximum 
polarizing angle, and at 79° 40' above that angle. It may also 
be shown that for IV. reflexions there are 3 points of restora- 
tion, for V. reflexions 4 points ; and for Tl. reflexions 5 pointy 
as shown in the figure. The loops or double curves are drawn 
to represent the intensity of the elliptic polarization which 
has its minimum at 1, 2, 3, &c., and its maximum in the middle 
of the unshaded parts. If we now use homogeneous li^t, 
we shall find that the loops have diflerent sizes in the di^rem 
colored rays, and that their minima and maxima are diflerent 
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Hence, in the Vlth quadrant, C B for example, there will be 
6 loops of all the different colors, viz. CI; 1, 2 ; 2, 3 ; 3, 4, 
&c ; overlapping one another, and producing by their mixture 
those beautiJful complementary colors which have already been 
meDti(»ied. For a more full account of this curious branch 
of the subject of polarization, I must refer the reader to the 
PhUotophical Transactions, 1830 ; or to the Edinburgh 
JmruM of Science, Nos. VII. and VIII. new scries, April, 1831. 



CHAP. xxvm. 

OR THB FOLARIZXNG STRUCTURE PRODUCED BT HEAT, GOLD, 
COMPRESSION, DILATATION, AND INDURATION. 

The various phenomena of double refraction, and the sys- 
tems of polarized rings with one and two axes of double re- 
finction, and with planes of no double refraction, may be pro- 
duced either transiently or permanently^ in glass and other 
sabstances, by heat and cold, rapid cooling, compression and 
Hktationf and induration, 

1. TVansient Influence of Heat and Cold, 

(1.) Cylinders of glass with one positive axis of double 

refraction. 

(133.) If we take a cylinder of glass, from half an inch to 
an inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit heat from its circumference to 
its centre, it will exhibit when exposed to polarized light, in 
the apparatus, fig. 94., a system of rings with a black cross, 
exactly similar to those in fig 98. ; and the complementary 
5m shown in fig. 99. will appear by turning round the 
B 90°. In this case we must hold the cylinder at the 
ice of 8 or 10 inches from the eye, when the rings will 
appear as it were in thfe inside of the glass. If we cover up 
any portion of the surface of tlie glass cylinder, we shall hide 
a corresponding portion of the rings, so that the cylinder has 
its single axis of double refraction fixed in the axis of its 
figure, and not in every possible direction parallel to that axis 
as in crystals. 

By crossing the rings with a plate of sulphate of lime, as 
ibrmerly explained, we shall find that it depresses tJie tints in 
the two quadrants which the axis of the plate crosses ; and 

R2 
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consequently that the system of rings is negative, like that of i 
calcareous spar. ' 

As soon as the heat reaches the axis of the cylinder, the 
rinj^ begin to lose their brightness, and when the he&t is 
un&rmly diffused through the glass, they disappear entirely. ^ 

(2.) Cylinders of glass toUh a negaHve axis of douHe 

refraction. 

(134) If a similar cylinder of glass is heated uniformly in 
boiling oil, or otherwise brought to a considerably high tem- 
pe;iiture, and is made to cool rapidly by surrounding its cir- 
cumference with a good conductor, it will exhibit a sunikr 
system of rings, which will all vanish when the glass is uni- 
formly cold. By crossing these rings with sulphate of lime, 
they will be found to be positive, like those of ice and zircon; 
or the same thing may be proved by combining this system of 
rings with the preceding system, when they wiQ be found to 
destroy one another. ' 

In both these systems of rings, the numerical value of the 
tint or color at any one point varies as the square of the dis* 
tance of that pomt from the axis. By placing thin films of 
sulphate of lime between two of these sjrstems of rings, very 
beautiful systems may be produced. 

(3.) Oval plates of glass with two axes of double refraction. 

(135.) If we take an oval plate A B D C, Jiff. 116., and 
p. jjg^ perform with it the two preceding experi- 
ments, we shall find that it has in hoth cases 
two axes of double refraction, the principal 
axis passing through O, being negative whea 
it is heated at its circumference, and positive 
when cooled at its circumference. The curves 
A B, CD, correspond to the black ones in 
Jig. 101., and the distance mn to the inclinar 
tion of the resultant axes. The efiect shown in Jig. 116. is 
that which is produced by inclining m n 45° to the plane of 
primitive polarization ; but when m n is in the plane of prim- 
itive polarization, or perpendicular to it, the curves A B^ C D, 
will form a black cross, as in^^. 100. 

In all the preceding experiments, the heat and cold might 
have been introduced and conveyed through the glass mm 
each extremity of the axis of the cylinder or plate. In this 
case the phenomena would have been exactly the same, but 
the axes that were formerly negative will now be positive, 
and vice versd. 
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(4) Cubes of glass toitk double refraction. 

(136.) When the shape of the glass is that of a cube, the 
rings have the fonn shown in Jig. 117. and when it is a paral- 
Idopiped with its length about three times its breadth, the 

Fig. 117. Fig. 118. 





ringp have the form shown in^^. 118. the curves of equal tuit 
near the angles being circles, as shown in both the figures. 

(5.) Rectangular plates of glass uyith planes of no double 

refraction. 

(137.) Ifa well annealed rectangular plate ofglas8,E ED C, 
» placed with its lower edge C D on a piece of iron A B D C 
fg. 119., nearly red hot, and the two together are placed in the 

Fig. 119. 




apparatus, fig. 94, so that C D may be inclined 45° to the 
pane of primitive polarization, and that polarized light may 
reach the eye at O from every part of the glass, we shall on- 
serve the following phenomena. The instant that the heat 
enters the surface C 1), fringes of brilliant colors will be seen 
parallel to C D, and almost at the same time before the heat 
088 reached the upper surface E F, or even the central line 
06, similar fringes will appear at E F. Colors at first faint 
Uue^ and then white, yellow, orange, &c., all spring up at 
«6; and these central colors will be divided from those at the 
edges by two dark lines, M N, O P, in which there is neither 
doable refraction nor polarization. These lines correspond 
with the black curves in fig. 101. Sind fig. 116., and the struc- 
ture between M N and O P is negative, like that of cal- 
careous spar ; while the structures without M N and O P are 
positive, like those of zircon. The tints thus developed are 
those of Newton's scale, and are compounded of the different 
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sets of tints that would be given in each of the homogeneoad 
rays of the spectrum. 

In these plates there is obviously an injSnite number of axe9 
in the planes passing through M N, O P, and all the tints, as 
well as the double refraction, can be calculated by the very 
same laws as in regular crystals, mutatis mutandis. 

If the plate E FT) C is heated equally all round, the fringes 
are produced with more regularity and quickness ; and if the 
plate, first heated in oil or otherwise, is cooled equally all 
round, it will develope the same fringes, but the central ones 
at a 6 will in this last case be positive^ and the outer ones at 
£ F and C D negative. 

Similar effects to those above described may be produced in 
similar plates of rock salt, obsidian, fluor spar, copal, and other 
solids that have not the doubly refhtctinfi^ structure. 

A series of splendid phenomena are produced by crossing simi- 
lar or dissimilar plates of glass when their fringes are dev^oped. 
Whep simUar plates of glass, or those in which the fringes are 
produced by heat, as in^. 119., are crossed, the curves or. lines 
of equal tint at the square of intersection, A B C D, fyr. 1201, 

will be hyperbolas. The tint at the 
centre will be thedifierence of the 
central tints of each of the two {datee^ 
and the tints of the succeeding hy- 
perbolas will rise gradually in the 
scale above that central tint If the 
tints produced by each plate are 
precisely the same, and the plates of 
the same shape, the central tints wiU 
destroy each other, the hyperbolas 
will be equilateral ones, and the tints 
will gradually rise from the zero of 
Newton's scale. 
When dissimilar plates are crossed, as in Jig. 121., viz. one 
in which the fringes are produced by heat with one in which 
they are produced by cold, the lines of equal tint in the square 
of intersection A B C D (jUg. 121.), will be ellipses. The tints 
in the centre will be equal to the sum of the separate tints^ 
and the tints formed by the combination of the external fringes 
will be equal to their difference. If the plates and their tmts 
are perfectly equal, the lines of equal tint will be circles. The 
beauty of these combinations can be understood only from col- 
ored drawings. When the plates are combined lengthwise^ 
they add to or subtract from each other's effect, according aa 
similar or dissimilar fringes are opposed to one another. 
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(6l) Spheres of glass, drc, with an infinite number of axes 

of double refraction. 

(136.) If we place a sphere of glass in a glass trough (^hot 
4 And oheerve the system of rinss, while the heat is passing 
totbe centre of the sphere, we uiall find it to he a regular 
mteiQy exactly like that in fi^, 98. ; and it will suffer no 
Ciuige by turning the sphere m any direction. Hence the 
■liere has an infinite number of positive axes of double re- 
mc6oaf or one along each of its diameter& 

jQf a very hot sphere of glass is placed in a glass trough of 
oeld <^ a similar system will be produced, but the axes will 
i^henegaHve. 

(J,) Spheroids of glass with one axis of douMe refraction 
flfofW' the axis of revolution and two axes along the equa- 
ftirtw diameters. 

(139.) If we place an oblate spheroid in a glass trough of 
hot (ul, we shall find that it has one axis of positive double 
nftaction along its shorter axis, or that of revolution ; but if 
V0 transmit the polarized light along any of its equatorial 
dkmeters, we shall find that it has two axes of double refrac- 
tioiiy the black curves appearing as in fig, 116. when the axis 
of revolution is inclined 45° to the plane of primitive polari- 
ation, and changing into a cross when the axis is parallel or 
perpendicular to the plane of primitive polarization. 

The very same phenomena will be exhibited with a prolate 

£eroid, only the black cross opens in a different plane when 
two axes are developed. 
Opposite systems of rings will be developed in both these 
cases, if hot spheroids are plunged in cold oU. 
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The reason of using oil is to enable the polarized lig^t to 
pass through the spheres or spheroids without refraction. The 
oil should have a refractive power as near as possible to tbit 
of the glass. 

A number of very curious phenomena arise from hetting 
and cooling glass tubes, or cylinders, along their axes ; thi 
most singular variations taking place according as the bnt 
and cold are applied to the circumference, or to the azis^ oc to 
both. 

(8.) Influence of heat on regular crystals, 

(140.) The influence of uniform heat and cold on reeultf 
crystals is very remarkable. M. Fresnel found that heat duatai 
sulphate of lime less in the direction of its principal aiif 
than in a direction perpendicular to it ; and professor Mitacha^ 
lich has found that Iceland spar is dilated by heat in the di^ 
rection of its axis of double refraction, while in all directioBi 
at right angles to this axis it contracts ; so that there muBt ^ 
some intermediate direction in which there is neither OQQtnB^ 
tion nor dilatation. Heat brings the rhomb of Iceland qpH 
nearer to the cube, and diminishes its double refraction. 

In applying heat to sulphate o/*2im6, professor l^tsChoM 
fi>und that the two resultant axes (P, P, Jig, 106.) gndnsBj 
approach as the heat increases, till they unite at O, and fbm 
a single axis. By a still farther increase of heat they open 
out on each side towards A and B. A very curious &ctof tt 
analogous kind I have found in glavberite^ which has one an 
of double refraction for violet, and two axes for red light 
With a heat below that of boiling water, the two resultant 
axes (P, P, fig. 106.) unite at O, and, by a slight increase of 
heat, the resultant axes again open out, one in the directkn 
O A, and the other in the direction O B. By applying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis also opened 
out into two, in the plane A B. 

2. On the permanent Influence of sudden Cooling, 

(141.) In March, 1814, 1 found that glass melted and flod- 
denly cooled, such as prince Rupert's dro{^ possessed a per- 
manent doubly refracting structure ;* and in December, 1814| 
Dr. Seebeck published an account of analogous experimenti 
with cubes of glass. Cylinders, plates, cubes, spheres, and 
spheroids of glass, with a permanent doubly refracting struo- 

— -------- . , , — 

* Letter to Sir Joseph Banks, April 8. 1814. Phil. TVaiw. 1814. 
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ture^ may be farmed by bringing the glass to a red heat, and 
cooling it rapidly at its circumference, or at its edges. As 
these solid bodies often lose their shape in the process, the 
symmetry of their structure is affected, and the system of 
nogs or fringes injured ; so that the phenomena are not pro- 
duced 80 perfectly as during the transient influence of heat 
and cold. It is often necessary, too, to grind and polish the 
nr&ces afresh: an operation during which the solids are 
often broken, in consequence of the state of constraint in 
which the particles are held. 

An endless variety of the most beautiful optical figures 
may be produced by cooling the glass upon metallic patterns 
(netals being the best conductors) applied symmetrically to 
aidi Bor&ce of the glass, or symmetrically round its circum- 
iraice. The heat may be thus drawn on from the glass in 
files of any form or direction, so as to give any variety what- 
ever to its structure, and, consequentlv, to the optical figure 
iA6tk it produces when exposed to polarized light 

(142.) In all doubly refracting crystals the form of the 
ingB is independent of tJie external shape of the crystal ; 
iMt in glass solids that have received the doubly refracting 
Stractore, either transiently or permanently, from heat, the 
iiB|B depend entirely on the external shape of the solid. I( 
Mff. 119., we divide the rectangular plate E P D C into two 
«|au ports through the line a b, each half of the plate will 
hkfe the same structure as the whole, viz. a negative and two 
Mitive structures, separated by two dark neut^ lines. In 
me manner, if we cut a piece of a tube of glass, by a notch, 
tbroug^ its circumference to its centre, or if we alter the 
aiape of cylindrical plates and spheres, &c., by grinding them 
nttD different external figures, we produce a complete change 
i^on the optical figures which they had previously exhibited. 

8. On the Influence of Conypression and Dilatation. 

(143.) If we could compress and dilate the various solids 
above mentioned with the same uniformity with which we can 
lieat and cool them, we should produce the same doubly re- 
fiicting structures which have been described, compression 
ud dilatation always producing opposite structures. 

The influence of compression and dilatation may be well 
ediibited by taking a strip of glass, A B D C, Jig. 122., and 
bending it by the force of the hands. When it is held in the 
amratus,^^. 94., with its edge A B inclined 45° to the plane 
of primitive polarization, the whole thickness of the glass will 
be covered with colored fringes, consisting of a negative set 
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separated from a positive set by the dark Deutnil line M N. 
The fringes on the convex side A B are negative^ and those 




on the concave side positive. As the bending force incretses, 
the tints increase in number ; and as it diminishes, they di- 
minish in number, disappearing entirely when the plate of 
glass recovers its shape. The tints, which are those of New- 
ton^s scale, vary with their distances from M N ; and wboi 
two such plates as that shown in fy, 132. cross each other, 
they produce in the square of intersection rectiUneai firinees 
parallel to the diagonal of the square which joins the an^es 
where the two concave and the two convex sides of the plates 
meet 

When a plate of bent glass is made to cross a plate dys- 
tallized by heat, and suddenly cooled, the fringes in the square 
of intersection are parabolas, whose vertex will be towards 
the convex side of the bent plate, if the principal axis of the 
other plate is positive, but towards the concave side, if that 
axis is nes^ative. 

The effects of compresBion and dilatation may be moat dis- 
tinctty seen by pressing or dilating plates or cylinders of 
calves'-feet j^lly or soft isinglass. 

By the application of compressing and dilating forces^ I 
have been able to alter the doubly refracting structure of 
regularly crystallized bodies in every direction, increasing or 
diniinishinir thoir tints according to the direction in which the 
forces were applied.* 

The inv>st roaiarkable influence of pressure, however, is 
that which it produces on a mixture of. resin and white wax. 
in all the cases hitherto uiontioned of the artificial productioa 
of double retraction, the phenvimena are related to the shiqie 
of the mass in which the change is induced : but I haye been 
able to communicate to the compcnind above mentiofied a 
double n^traotivMi. similar to that which exists in the particles 
of crystals. The c^nnpnessed mass has a single axis (^double 
refractivMi in ovory parallel direction, and the colored rings 
art^ IHxxluc^M by iiio inclination of the refracted ray to the 

axis av-vor^ling u> the same law as in regular crystals. If we 

' - - . .^_ I, 
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remove the compressed film, any portion of it will be fbond to 
have one axis of double refraction like portions of a film of 
any crystal with one axia The important deductions which 
this experiment authorizes will be noticed at the conclusioii 
of this part of the work. 

4. On the Influence of Induration. 

(144) In 1814 1 had occasion to make some experiments on 
the influence of induration in communicating double refraction 
to soft solids. When isinglass is dried in a glass trough of a 
circular form, it exhibits a system of tints wim the blacK cross 
exactly like negative crystals with one axis. When a thin 
cylindrical plate of isinglass is indurated at its circumference, 
it produces a ^stem of rings with one positive axis. If the 
tnyogh in the first of these experiments and the plate in the 
second are oval, two axes of double refraction will be ex- 
hibited. 

When jelly placed in rectangular troughs of ^lass is grad- 
naUy Indurated, we have a positive and a negative structure 
developed, and these are separated by a black neutral line. 
If the bottom of the trough is taken out, so as to allow the 
indoratipn to go on at two parallel surfaces, the same firinges 
are produced as in a rectangular plate of glass heated in oil, 
and subsequently cooled. 

* Spheres and spheroids of jelly may be made by proper in- 
duration to produce the same efllects as spheres and spheroids 
of glass when heated or cooled. The lenses of almost all 
animals possess the doubly refracting structure. In some 
there is only one structure, which is generally positive. In 
others there are two structures, a positive and a negative one ; 
and in many there are three structures, a negative between 
two positive, and a positive between two negative structurea 
In some instances we have two structures of the same name 
together. By the process of induration we may remove en- 
tirely the natural structure of the lens, especially when it is 
miierical or spheroidal, and superinduce the structure arising 
from induration. I have now before me a spheroidal lens of 
the boneto fish, with one beautiful system of rings along the 
axis of the spheroid, and two systems along the equatorial 
diameters. I have also several indurated lenses of the cod, 
that display in the finest manner then: doubly refracting 
stmctore. 

S 
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CHAP. XXIX. 

PHENOMENA OF COMPOSITE OR TEB8ELATED CRTVTAIS. 

(145.) In all regularly formed doubly refracting crystals, the 
separation of the two images, the size of the rmgs, and the 
value of the tints, are exactly the same in all perallel direc- 
tions. If two crystals, however, have ^own together with 
their axes inclined to one another, and if we cut a plate oul 
of these united crystals so that the eye cannot distingcuBh il 
from a plate cut out of a single crystal, the exposure of sudh e 
crystal to polarized li^ht will instantly detect its composite 
nature, and will exhibit to the eye the very line of jonctka 
This will be obvious upon considering that the polanzed r^ 
has different inclinations to the axis of each crystal, and wu 
therefore produce diflerent tints at these different inclinatku 
Hence the examination of a body in polarized light forakba 
us with a new method of discovering structures whid^ oi» 
not be detected by the microscope, or any other method cf 
observation. 

A very fine example of this is exhibited in the bipyramiid 
sulphate of pptashj which Count Bournon and other cryital' 
lographers regarded as one simple crystal, whoee primitive 
form was the bipyramidal dodecahedron, like the cryiBtel ifaoini 
in Jig, 112. But by cutting a plate perpendicular to the udi 
of the pyramid, and exposing it to polarized light, I fotmd it 
to be composed of several crystals, all united so as to form the 
regular figure above represented. The crystal has two aaec 
of double refraction, and the plane passing through the two 
axes of one, is inclined 60° to the plane passing uiroi]|[fa the 
two axes of each of the other two. So that when we mdiM 
the plate, each, of the three combined crystals displays di&ienl 
colors. I have found many remarkable structures of this kind 
in the mineral kingdom, and among artificial salts ; bat tm 
of these are so interesting as to merit particular notice. 

(146.) The apophyllite from Faroe generally crystallizeB in 
right-angled square prisms, and splits with great &cility into 
plates by planes perpendicular to the axis of the prism. If 
we remove with a sharp knife the uppermost slice, or the «»• 
dermostj it will be found to have one axis of double refractkm, 
and to give the single system of rings shown in Jig. 98. If 
we remove other slices in the same manner, we shall find 
that when exposed to polarized light they exhibit the curioas 
tesselated structure shown in Jig. 123. The outer case, 
M O N P, consists of a number of paraUel veins or plateR. In 
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the centre is a small lozenge, abed, with one axis of double 
refraction, and round it are four 
crjBtala, A, B, C, D, with two axes 
of double refraction, the plane pass- 
ing through the exes or A and D 

1 j:...igj, tp (j,g plane 

\H»;h the axes of B and 
C ; and the former plane being in 
the direction M N; and the latter in 
the direction O P. 
„ When the polarized light is trans- 
' mitted throueh the fecee of certain 
Briama, the beautiful tesselated figure shown in fi^. 124 is ez- 
bibited, all' the difierentlv shaded parts shining with the moat 
Fir W Bplendid colors. As the prism has every- 

where the same" thickness, it is obvious that 
the doubly refracting force varies in different 
parts of the crystal ; but this variation takes 
place in such a symmetrical manner in rela- 
tion to the sides and ends of the p * *' 
set at defiance all the 
recognized laws of j^ 
crystallography. 

With the view of 
oheerving the tbrm of 
the Imes of equal co- 
lor, I immersed the 
crystal in oil, and 
transmitted the polar- 
ized light in a direc- 
tion parallel to a di- 
agonal of the prism ; 
the eflect then exhib- 
ited is shown in fig. 
j 135., where A B CI) 
I is the crystal; A C, 
' and B D, its edges, 
where the thickness is nothing, and 
lan the edge through which the di- 
^ookl of the prism passes. Now, it 
it obvious, that if this had been a regu- 
hi eryatal, the lines of equal tint or of 
eqaal double refraction would have 
been all straight lines paralki to AC C. 
or B D ; but in the apophyllite they present the most sugular 
ittegaluities, all of which are, however, qrraraetrically »- 
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lated to certuD fixed points within the cTyBtaL In the middle 
of the crystal, half way between m and n, there are only^ 
fringes or orders of colors; at points equi-diatant from thi* 
there are tix fringes, the sixth returning into itself in the 
fcnn of an omd. At other two equidistuit points near m and 
ft, tiie 3d, 4th, and 5th fringes are singularly serrated, and the 
6th and 7th Iringes return into themselves in the form of i 
aquare ; beyond this, near m and n, there are onlj four fringe^ 
in C(Hisequenc« of the fifth returning into itselil 

(147.) A composite structure of a very diferent kind, but 
extremely interesting &om the efiecta which it produces, ii 
exhibited in many crvHlals of Iceland spar, which are inte^ 
■ected by parallel films or veins of variooa thicknesses at 
■howQ in fig. 126. These thin veins or strata are penieDdic- 
ular to the short diagonals E F, G U of the 
&ces of the rhomb, and parallel to Ibe edges 
E G, F H. When we look perpendicalariy 
>r through the faces AEBF, DGCHtOw 
lieht will not pass through anyoTtheplaiMi 
eh eg, ABCD, afkd, and coaaeqoenlly 
"" e shall only see two images of any olgect 
1st as if the planes were not there. Bat if 
e look through any of the other two ^r 
of parallel faces, we shall obeerra the two 
D images at their u^ial distance ; and at a much gnater 
distance, two secondary images, one on each side of the eODh 
mon images. In some cases there are^/hur, and in other easM 
fix, secondary images, arranged in two lines ; cste line being 
on each side af the common miages, and perpendicular to As 
line Joining their centres. When the interrupting planes are 



rhomb that meet at B, the obtuse summit, the e 
images are extremely numerous, and sometimes arrangied ii 
pyramidal heaps of singular beauty, vanishing, and rea{H»ear- 
ing, and changing their color and the intensity, of their Ugfa^ 
by every inclinauon of the plate. If the light of the luminoot 
object is polarized, the phenomena admit of still greater w- 
riation& When the strata or veios are thick, the miages ore 
not colored, hit have merely at their edges the colors of ra- 
ftacled light. 

Malus considered these pbenomena as produced by finuTef 
or cracks within the crystal, and he regarded the colon ai 
those of thin plates of air or space; but J have found that they 
are produced by veins or twin crystals firmly united b^etber 
•0 aa to resist separation more powertiilly than the vabuti 
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cleavage planes, and I have found this both crystallographically, 
bf measuring the angles of the veins, and optically, by OD- 
serviflg the system of rings seen through the veins alone. 

This coipposite structure will be understood from ^. 127., 
where A B D C is the principal section of a rhomb of Iceland 

Fig. 127. 




Epu whose axis is A D. The form and position of one of the 
interBecting veins or rhomboidal plates, is shown at M m N n, 
but enreatly thicker than it actually is; the angles Am M, and 
D nNj being 141° 44'. A ray of common light R b, incident 
oi the face A C at 6, will be refracted in the lines bc,bd* 
These rays entering the vein M m N n, at c and d, will be 
ijiain renacted doubly ; but as the vein is so thin as to produce 
(& complementary colors of polarized light by the interference 
of the two pencils which compose each of the pencils c e, df, 
diese colors will depend on the thickness of the vein M N, 
tnd GO the inclination of the ray to the axis of the plate M N. 
These double pencils will emerge from the vein at e,/, and 
wfll be refracted again as in the figure into the pencils e m, 
^ihfOffPi the colors of en, fo, being complementary to 
ihoBeof em,fp. That the multiplication and color of'^the 
ioMfies are owing to the causes now explained mav be proved 
oraiforly, as I have done, by dividing rhombs of calcareous 
nar, and Inserting between them, or in grooves cut in a single 
piate of calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the phenomena of the natural compound 
crystal may be reproduced in the artificial one, and we may 

£*ve great variety to the phenomena by inserting thin films in 
fl^rent azimuths round the polarized pencils b c,bd, and at 
different inclinations to the axis of double refraction. 

The compound crystal shown in Jig, 127. is in reality a 
natural polarizing apparatus. The part of the rhomb Am In C, 
pdarizes the incident light R b. The vein M N is the thin 
crystallized vein whose colors are to be examined ; and the 
part B M n D, is the analyzing rhomb. 
Various other minerals and artificial crystals are intersected 

S2 
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with analogous veins, and produce analogous phenameoi. 
There are several composite crystals which exhibit remarkable 
peculiarities of structure, and display curious optical phe- 
oomexia by polarized light The Brazilian topaz is one of 
those which is worthy of notice, and whose properties I have 
explained by colored drawings, in the second volume of the 
Cambridge Transactions, 

For a nill account of the properties of composite ciystals, 
and of the multiplication of images by the cnrstals of cal- 
careous spar that are intersected by veins, we refer the reader 
to the Edinburgh Transactions, vol ix. p. 317., and the PV3L 
Trans,, 1815, p. 270. ; or to the Edinburgh Encyclopedist 
art Optics. 



CHAP. XXX 

ON THE DICHROISM, OR DOUBLE COLOR, OF BODIBi; AMD 
THE ABSORPTION OF POLARIZED UOHT. 

(148.) If a crystallized body has a different color in difoent 
directions when common light is transmitted throogfa its 
substance, it is said to possess dichroism, which signifies two 
colors. Dr. Wollaston observed this property long ago in the 
muriate of palladium and potash, which appeared of a deep 
red color along the axis, and of a vivid green in a transverBe 
direction ; and M. Cordier observed the same change of color 
in a mineral called iolite, to which Haiiy gave the name of 
dichroite, Mr. Herschel has observed a similar fact in a 
variety of suh-oxysidphate of iron, which is of a deep hUnA 
red color along the axis, and of a light green color perpen- 
dicular to the axis. In examining this class of phenomena, I 
have found that they depend on the absorption of light, beiD| 
regulated by the inclination of the incident ray to the axis of 
double refraction, and on a difference of color in the two 
pencils formed by double refraction. 

In a rhomb of yellow Iceland spar, the extraordinary image 
was of an orange yellow color, while the ordinary image WM 
yeUowish white along the axis. The color and intensity of 
the two pencils were the same, and the difference of color and 
intensity increased with the inclination to the axis. When 
the two images overlapped each other, their combined cotor 
was the same at all angles with the axis, and this color wis 
that of the mineral. If we expose the rhomb to polarized 
light, its color will be orange yellow in the position where the 
ordmaiy image vanishes, and yellowi^ white in the pocdtiaa 
where the extraordinary image vanishea The crystalB iA the 
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fiUowing Table possess the same properties, the ordinary and 
fttnotSmry images having the colors opposite to their 
Mines: — 

Cciort of the two Imageg in Crystals with one Axn. 



flf CtfMh, 



Zuoon. 
Sapphire. 

Robjr* 
Emerald. 

Emerald. 

Beryl, Uue. 

Beryl, green. 

Beryl, yellowiah 
green. 

Rg^ crystal, near- 
ly transparent 

Rock ciystal, yellow. 

Amethjf^ 

Amethyst 

Amethyst 

Tourmaline. 

Bubellite. 

Idocrase. 

BfeUite. 

Apatite lilac 

Apatite olive. 

Fbosphate of lead 

Icdandspar. 

Octohednte. 



Principal Sectioa in Plan* 
of PoluinUon. 



Brownish white. 
Yellowish green. 
Pale yellow. 
Yellowish green. 
Bluish green. 
Bluish white. 
Whitish. 

Pale yellow. 

Whitish. 

Yellowish white. 
Blue. • 
Grej^h white. 
Reddish yellow. 
Greenish white. 
Reddish white. 
Yellow. 
Yellow. 
Bluish. 
Bluish green. 
Bright green. 
Orange yellow. 
Whitish brown. 



Principal SwIiMi, I 

to Plane or Pmyrtntfod. 



Deeper brown. 

Blue. 

Bright pink. 

Bluish green. 

Yellowish gre«L 

Blue. 

Bluish green. 

Pale green. 

Faint brown. 

Yellow. 
Pink. 
Ruby red, 
Bluish green. 
Bluish green. 
Faint red. 
Green. 
Bluish white. 
Reddish. 
Yellowish green. 
Orange yelfow. 
Yellowish white. 
Yellowish brown. 



(149.) When the crystals have two axes of double refrac- 
tioQy the absorption of the incident rays produces a variety of 
pheoomena, at and near the two resultant axes. These phe- 
aomena are finely displayed in iolite. This mineral, which 
mstallizes in six and twelve-sided prisms, is of a deep blue 
meat when seen along the axis, ana of a brotonish yeUow 
when seen in a direction perpendicular to the axis of the 
friflOL When we look alonef the resultant axes which are 
inclined 62^ 50' to one another, we see a system of rings 
iriiich are pretty distinct when the plate is thin ; but when it 
il tiiick, and when the plane passing through the axes is in 
plane of primitive polarization, branches of blue and white 
^ht are seen to diverge in the form of a cross from the centre 
the system of rings. This curious effect is shown in fig, 
8., where P, P', are the centres of the two sjrstems of rings, 
the principal negative axis of the crystal, and C D the plaSie 
passinfi^ through the axes. The blue branches, which are 
ihaded in the figure, are tipped with purple at their summits 
Pi P', and are separated by whitish light in some specimens, 
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ind 1j; bluish light in othen. Fran P 
andP'toO, the white or veUowkbli^ 
becomes more and more tilue, and at 
it is quite blue; while &cim P and P* to 
C ana D it becomes more and am 
vellow, and at C and D it ia quite jri> 
low, the yellow beii^ aimoat eqintl^ 
bright in the plane A C B D, ranendie- 
ular to the principal ajtia O. Whii tba 
plane C O 18 perpendicular to the plue 
of priQutive ptdarization, the poles F, P' are marked witb 

Stches of white or yellowish light, hut everywhere elK tlM 
;ht is a deep blue. 

When emmined b; comnHui light, we find that th ^ o rdit tmj 
image is browmik yellow at C and O, and the extismdiDiif 
one fatnt bltie; the former acquiring eome blue raya, and tb 
latter some yellow ones from C to ij, and from A to B when 
there is still a great difference in the color of the imagsi. 
The yellow imatfe becomes tainter Irom A to P uid P*, and 
from B to P and P', where it changes into Mue, the fedila 



ftint blue image iucreaaea m iatenaity from C to P, and E 
D to P*, and the j^ellow one acquires an accession of bloe ligk^ 
and becomes bliuah white from P and P' to O ; the cadinif 
image is whitish, and the other a deep blue ; but tiie iriuta- 
nes gradimlly diminishes tjiwards O, where the two imuai 
are ahnost equally blue. The foUowing table will ahtn* Uit 
this property exists in many other crystals; — 



Coioc oftheOa 


Imaget in CryXaU with two Ana. 


n-^^c,,..^ 


™"'^«™'""°' 


"-^'ifSSSSf 


Topublue. 


While. 


Blue. 


green. 


While. 


Gtaen. 


greentili blue 


Reddish grey. 


Blue. 


Jink. 


Pink. 


While. 


^A yellow. 


Pink. 


Yellow. 


_ yellow. 


Yellowish while. 


Onnge. 


yellow. 






Lemtm yellow. 


Purple. 


Lenroi yellow. 


YeUowiA whi». 


_ onuige yellow 


Gamboge yeUow. 


YeUnwiih while. 


Cyamle. 


While. 


Blue. 


Kchroile. 


Blue. 


YeUowbhwUM. 


Eradote olive green. 


Yellowish white. 


Yellowiih. 
Sapgrcon. 


»*iliiih green 


Pink while. 


YeilowiKh while. 


Mic» 


Reddbh brown. 


Reddish wfaita. 




j^ te krt aiw ay«lak m ^ precedkg tdde, tke 
WfiifeB m vditiaa to anr fixed line. 
fc^lliB ftHowiag liflt contams the colore qf the two 
!^frtRkb whose ■amber of axes is not yet known. 

rme blne-t Bhndi whila 




OhBdeflffDldaBd 



and 

- and 



I 



YeUow. 



VkleLVtat. 
Whilnii biwni. 
Lemoa yellow. ' 



LemoQ yellow. 






Lemon yellow. ^ 



Lighter 







TeDowkh brawn. 
Deep enungew*! 1 1 

Deep orange. I III 

Deep orange. J |f 



(150.) By the api^icatioii of heat to certain crystals, I have 
lean alile to prodace a permanent difference in the color of 
the two pencds formed l^ double refraction. This experiment 
oi^ be made most easfly on Brazilian topaz. Li one of these 
topizes, in which one of the pencils was yeUow and the other 
fmky I foond that a red heat acted more powerfully upon the 
eztcaordinary than upon the ordinary pencil, discharging the 
yeOow color entirely from the one, and producing only a ttight 

^ *Ths eolora are givea in relation to the short diagonal of iu rhomboidai 
* Wken the axis of the prism is in the plane of polarization. 
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chao^ upcm the pink tint of the other. When the tqpai wu 
hot, it was perfectly colorless, and, during the procea of wAr 
ing, it gradually acquired a pink tint, which could not te 
modified or renewed by the most intense heat In various 
topazes, the color of whose two pencils was exactly the wuat, 
heat discharges more of the color from one pencil than the 
other, and thus gives them the power of aheorlMng light in 
reference to the axes of double re&actioin. 



Oeneral Observations on Double Refiaction. 

(151.) The various facts which have been explained in tiie 
pieceding chapters, enable us to form very plausible qunion 
respecting the origin and nature of the doubly leinctnig 
structure. The particles of bodies reduced to a state cf 
fluidity by heat, and prevented by the same cause fiom com- 
bining into a solid body, exhibit no double refraction ; and, in 
like manner, the particles of ciystallized bodie^ indodiiy ]m 
metals when existing in a state of solution, exhibit so donUi ^ 
refraction. As soon, however, as coding in the one rsBtyMJ 
evaporation in the other, permits the particles to eomUns ii 
virtue of their mutual affinities, these particles have^ adis^ 
quent to the action of the forces by which they rinmhlnft, ^ 
quired the doubly refracting structure. This efiect ao^ W 
accounted for in two ways ; either by supposing that the pi^ 
tides have originally a doubly refracting structure, or tfalt 
they have no trace of such a structure. On the first of tfaes 
suppositions, we must ascribe the disappearance of the donhk 
refraction in the fluid mass, and, in the solution, to the qppGHtt 
action of the particles, which must have had an axis in en^tf 
possible direction ; but as no double refraction is visible^ it V 
more philosophical to suppose that none exists in the particlBa 
On the second supposition, then, that the particles have no 
doubly refracting structure, it is easily understood how it may 
be produced by the compression of any two particles brought ; 
together l^ attraction ; for each particle will have an axis of ! 
double remiction in the direction of the line joining their \ 
centres, as if they had been compressed by an external force, j 
By following out this idea, which I have done elsewhere,* I i 
have shown how the various phenomena may be explained bv ' 
the different attractive forces of three rectangular axes, whicB 
may produce a single negative axis, a single positive axia^ or 

* — I — I II I ■ ■ ^ ^_^^__^^^^^__^^_^^_m — ' 

'*' Phil. Transactions^ 1829, or Edinburgh Journal of Sc%enc9^ new 
vol. vi. p. 3S8— 337. 
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two axes, either both positive or both negative, or the one 
poiitive and the other negative. The influence of heat, in 
dbn^;ing the intensity of the two axes of sulphate of lime, 
ind in removing one of the axes, or in creating a new one, 
lioutB of an easy explanation on these principles. 



PART III. 

ON THE APPLICATION OF OPTICAL PRINCIPLES TO THE 
EXPLANATION OF NATURAL PHENOMENA. 

A 

CHAP. XXXT. 

ON UNUSUAL REFRACTION. 

, 008.) The atmosphere in which we live is a tranqiarent 
1MB of air possessing the property of refractmg light We 
lam firam the barometer that its density gradually diminishes 
■ we rise in the atmosphere, and, as we know from direct 
■qMriment that the refractive power of air increases with its 
iHMity, it fblk>w8, that the refractive power of the atmospliere 
■icreatest at the earth's surface, and gradually diminishes 
tflTtfae air becomes so rare as scarcely to be able to pro- 
Itose any effect upon light. When a ray of light fidls bb- 
lapeily upon a medium Sius varying in density, in place of 
immg bent at once out of its direction, it will be gradually 



and- more bent during its passage through it, so as to 
pibve in a curve line, in the same manner as if the mediom 
M eonsisted of an infinite number of strata <^ different re- 
ive powera In order to explaii^ this, let E, fig. 129^ be 
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the earth, surrounded with an atmosphere A B C D, conaitiDg 
of four concentric strata of different densities and different 
refractive powers. The index of refraction for air at tbe 
eartii's surfkce being 1-000,294, let us suppose that the iades 
of the otlier tliree strata is 1*000,200, 1-000420, l-00(M)6a 
Let B £ D bo the horizon, and let a ray S ti, proceeding from 
the sun under the horizon, fall on the outer stratum at ii, 
whose index of refraction is 1'000,050. Drawing the per- 
pend iciilar E n m, find by the rule ^rmcrly given the angle 
of refraction, E n a, corresponding to the angle of iiiff?^|flH«* 
iS 72 m. When the ray n a falls on the secom stratam at u, 
whose index of refi-action is 1*000,120, we may in like 
manner, by drawing a perpendicular Eap, find the lefiaeted 
ray a b. In the same way, the refracted rays b c and e d mtj 
be found. The same ray S n will therefore have been re- 
fracted in a polygonal line nabcd, and as it reaches tbe eye 
in the direction c d, the sun will be seen in the direction dco% 
elevated above the horizon, by the refraction of the atmospherey 
when it is still below it In like manner it might be tbonm 
that the sun appears above the horizon by refractioD, whoi be 
IS actually below it at sunset 

Although the rays of light move in straight lines m Mew 
and in all media of uniform density, yet, on the surface of the 
globe, the rays proceeding from a distant object, must nece^ 
sarily move in a curve line, because they must pass through 
portions of air of different densities and refractive powenn 
Hence it follows that, excepting in a vertical line, no object, 
whether it is a star or planet beyond our atmosphere, or is 
actually within it, is seen in its real place. 

Excepting in astroiK)mical and trigonometrical obeervationsi 
where the greatest accuracy is necessary, this refraction of tbe 
atmosphere does not occasion any inconvenience. But flioee 
the density of the air and its refractive power vary greatly 
when heated or cooled, great local lieats or local colas win 
produce great changes of refractive power, and give rise to 
optical piieiiomona of a very interesting kind. Such phenom- 
ena have received the name of unrisual refractiofiy and they 
are sometimes of such an extraordinary nature as to resemUe 
more the effects of magic than tlic results of natural causes. 

(153.) The elevation of coasts, mountains, and ships, when 
seen over the surface of the sea, has long been observed and 
known by tlie name of looming. Mr. Huddart described 
several cases of this kind, but particularly the very interesting 
one of an inverted imae-e of a ship seen beneath the real shipv 
i^r. Vince observed at Kamsgate a ship, whose topmasts only 
were seen above the horizon ; but he at the same time d' 



wred, in fbe field of the teleMqie throui^ which he in$ 
Ipoktiufi two nDUifii cf the comidete riiip in tiie uT] hoth di< 
npflj abom the ^p. the uppenncat jf ue two bm^ erect, 
■4 ^ <i*l>Bi invoted. He then dnected hia telainope to 
.nodper riup lAow hull «u jiat in the borinot ud hie tb- 
pi^ K oomplets inverted untge «f it; the ""■"'™^ of 
Kg. 13*. iriiich just touched tin mumnut cf tfa* 
Oap itwl£ The Gnt of then two phe- 
namenn ia diowii in Jfa* 180. in whiclt A 
is the rail dup, and 1; C the imagea aeen 
if unnaaal lefiactioo. Upon lookiiig at 
f^iother ship, Ih. Vinee mw invwied 

nrea o£ aome of ita parta which apd* 
y utpaajjod ^»'^ njuahedf " fint W^ 
peam^ mm be, "bdow, and nmninr 
up veij r^tiol^, dnwiiy men « lea or 
toe main at difirent tiniaa u fingrlrahe 
00^ leaemUing in the awiflnev of their 
breahiDg out the ahooting of a beam of dw 
auran bonalia." Aa the Jnp coitiiuied to 
deacend, more of die imase gradually af- 
peared, till the image or the whole ib^ 
f WBB at last completed, with the "-'""■"** 
in contact When the iliip dceeondod atill 
bwer, die image leceded fiom the riup^ but no aecond itpage 
■va aeeiL Dr. Vince ohaerved aootbn oaae, dtowo in j&. 
_- u. ISLi in which the aea waa diMiiKt^ 

"' aeen between the ahipa B; C Ae the 

diip A came above the ocrimit (be imue 
C giada^ dieuipeered, and doring ^m 
time lbs image B descended, Ud the lii^ 
did not aeem .ao near the horisin aa b> 
bring the mainmeita togetiwr. The two 
imam were vinUe wtan the whole diip 
waa beoeath the bcraoD. 



On the a 

the maafrjtead «{^teen mil of liuft ai 
the distance of abotit twelve mika Ctae 
of them waa drawn out, or length awd . 
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images above themimccompanied with two imageB of the Bbila 
ef ice. In 16^ Ca^in ScGvesbj reoqgniied hni Mm^ 
flhipi'the Vnxae, by its inverted image in the air, oEttoi^- ffc 
Mp ii»e\f was Mow the horizon. He afterwards fniMl ttrt 
the ship was seventeen miles beyond the horizon, and ttrf db- 
tanqe thirty miles. In all these cases, Ae image wari AiMf 
rtbve the object ; but on the 17th of Septem^r, 10181 MM. 
Jnrine and Soret observed a case of mrasual refintction, where 
the image was on one side of the object A bark abotf MX) 
toises dutant was seen approaching Geneva by the left huk 
of the lake, and at the same moment there was sete above 
the water an image of the saiH wliich, in place of ftflMring 
the direction of the bark, receded from it, imd SBeai0#W'n- 
proaeh Geneva by the right bank of the lake ; flie S iai y g t u- 
mg'fiom east to west, while the bark was auling Heqdi toAt 
to south: The image was of the saine size as the oUm men 
it first receded fhym the bark, but it grew less and tees as it 
receded, and was only one-half that of the bark wheiii> the 
phenonienon ceased. 

While the French army was marchliig through the sandy 
deserts of Lower Egypt, thev saw various phenomena of ud- 
tBual refraction, to which thev gave tiie name of iMMwe 
When the surface of the sand was heated by Ihe'Mpl^b 
lahd seemed to be terminated at a certain distance by a genenl 
inundation. The villages situated upon eminences rapeaied 
to be so many islands in the middle or a great lake, and under 
each village there was an inverted image of it As the army 
approached- the boundary of the apparent inundation* the 
imaginary lake withdrew, and the same illusion mesred 
round the next village. M. Monge, who has describea these 
appearances in the Mimoires sur TE^mte, ascaribes them to 
reflexion from a reflecting surface, which he supposes to Uke 
place between two strata of air of di^rent densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
roar turrets of Dover Castle over a hill between KiiQettite 
aold Dover. Dr. Vince, however, on the 6th of August, ]§06^ 
at seven >. m., saw the whole of- Dover Castle^ as if it kHl 
be^i brought over and placed on the Rainsgate side of tiie hiL 
The ima^ cf it was 86 strong that the hiU itself was not seen 
through the ima&e. 

The celebrat^yb/a morgarta, which is seen in the stnuts 
of Messina, and which for many centuries astoQidied the vut 
gu* and perplexed philosophers, is obviously a phenomenon of 
this kind. A spectator on an eminence in the city of Reggk). 
with his back to the sun and his fkce to the sea, and when tfai 
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dJ l M ta an, in paiticiihr states (f dw«tmoqlien,aeeii in the 
•K UaiuA) lesi vivid^ ; and wben the lir is huf, thej aie 
■IpWwe iBi&ce of the bgb, vividly colorad, or &inged wilji 

ill JbB MF'^lwt'^- €OklC& 

(UMLV^niti the phenomena above datcribed ai« generally 
imdiiwd W RfiactioQ thnxub stiata of aii of di&rent deH' 
■tiw m^ pa pnnrad by tuuhb e^ienmats. In mder ta 



UB-) •■mil quantity of dear «3n^ and above this he poured 
^ D^ an equal c^nanti^ i£ teater, wliich gnd- 

uallf Gombmed with the ^fiupi as asen at 
A. Tba wud Si/rup apon & caid beld 
behind the bottle appeared erect when 
seentbrougb tbe pure syrup, biit inverted, 
as represented in the figiiie, wben seen 
tbroiurii the mixture of wsier and qrup. 
Dr. Wtdlaston Iban put nearly the mma 

ratHy oi netted ^rU qf «pme above 
water, as in tbe same fignre at B, and 
be saw tbe appearance there represented, 
the true {dace of tbe word i^nrtf, and 
the mverted snd erect imagee below. 
Analogous phencmeua may benenby 
J at olnecls over tbe Horfkea of a hot pokart oc along 
the admce <£ a wall «■ painted board heated by tbe mn. 

Tlie late Mr. H, Bliclradder has described seme pbeanmena 
both of vertical and lateral mira^ as seen at King Geor^'s 
BMlicsi, Leitb, wbidi are very mBtructive. llie extensive 
bnlwaiki of which this bastkn fonns the centnl part, is formed 
tt bnge Uock> <£ cot aandstoDe, and fmm this lo the eastern 
nd tbe [dienomena are beat seen. To the east of the tower 
dwbnlwark is extoided in a straight line to the distance of 
000 feeL It is eight feet high towards the land, witb a foot- 
Wi^ about two ^t broad, and three feet From the ground. 
The paraoet is three feet wide at (op, and is sL^tly inclined 
townrda fite sea. 

Wben the weather is &vorable, tbe tc^ o£ tbe parapet re- 
nnUeB & muYor, or rather ■ sheet of ice ; and if m this state 
another persoa rtaDda or walks upon it, in obaerver at a littie 
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dkttnoe wiD 8W an iiiferted imBfe of tlia psnon under koi 
n while eUuldilig te the footway another peieon Wndi on it 
ahxH but at some dktance, with his fiuse tomed towiida tin 
gee, hie hnage will appear opposite to him, flifing the npftU' 
anoe of two penau talldng or sahitinff enw other. I^Mii^ 
when ftaJuSimg on the footway, and focNcing m a diieetiOB Im 
the tower, another person crones the eastern eztremity tf IhB 
holwarl^ pusni^ tnroas^ the water-gate, either to ot ftott 
the eea, tnere is produced the appeaianoe of two pttmm 
movinff in opposite directions, oonstitating uliat hu tasiB 
ternMd a latemi mirage: first one is seen moving {Mst. M 
Itoi the other in an opposite direction, with nme mtarval be- 
tween them, hk kokmg over the panpet, distant objeelt ue 
seen variously modified ; the momitains (in Fifti^ bang ton- 
verted into immense bridges ; and on gomg to uie eMtiiarf 
estremi^ of the bulwark, and directing the c^ tii#ahb tie 
tower, tne latter appears cmioudy modified, part of it beiiig 
as it were cut off and brought down, so as to ftnn —^^m^ 
small and decant tower in the form of certain sepnlefand 
monoments. At other times it bean an exact rewemwance to 
an ancioit altar, tiie fire of which seons to bom with gmt 
intensitv.* 

(165.) In order to explain as deariy as ponUe how ths 
erect bbA inverted image of a ship is {wodnced as in J^. ISL, 
let S P (Jtg. 138.) be a ship in the horiaoo, seen at E by 

Fig* no. 




means of rays S E, P E pessing in straight lines tfaroogh a 
tnusk of air of miiform density lying between the ship and the 
eye. If the air is more rare at c than at a, which it may be 
firom the coldness of the sea below a, its refractive power will 

* KUnhirgh Jtmnuil ^ Science, No. V. p. IS 
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fta loii at c than at a. In this caaa, rm 8 4 P £^ wlucli, 
jBileroidinanr ciicainfltuic^ never could have reached the 
flfsM £i will be bent into curve lines P e^Sd; and if the 
wntiDQ of dendty is such that the uppenaoBt of these rays 
fki CJWDO the other at any point x, uien S d will be imder- 
JiOil»aiid will enter the eye £ as if it came fipom the lower 
mi of the object. If E p, E s, are tangents to these curves 
r jm^ aj^ the point where they oiter tli^ eye, the part 8 of 
SB^ wiU be seen in the direction £ t, and the partP in 
lireotian £ p ; that is, the image s p will be uneiried. In 
maaneiv otner mya^ S n, P m, may be bent into curves 
8.«J« P m E, which do not cross one another, so that the 

Sent E«' to the curve or ray S n will still be uppermost^ 
tke tangent Ep' undermost. Hence the observer at £ 
vUl jee an erect image of the ship at §'pf above the inveited 
JiNge a jpb t^ in J^' 131. It is c|iiite cleu that the state of 
tha Air may be such as to exhibit only one of these imagea^ 
nd that Umso appearances may be all seen when the real ship 
ii beoeath the horizon. 

In one of captain Scoresby's observations we have seen 
dM|t the ship was drawn out, or magnified, in a vertical direc- 
tion, while another ship was contracted or diminished in the 
woe direction. If a cause should exist, which is quite pos- 
■Uo^ which elon^ted the ship horizontally at the some time 
Ibsfc it elongated it vertically, the efiect would be similar to 
diat of a convex lens, and the ship would appear maj|rnified, 
tnd might be recognized at a distance far beyond the limits of 
QoasBiBted vision. This very case seems to have occurred^ 
On the 26th July, 1706, at Ikstines, at five p. m. Mr. Latham 
aw the French coast, which is about 40 or 50 miles distant, 
IS distinctly as through the best glassea The sailors and fish- 
ermen could not at &A be persuaded of the reality of the ap- 
pearance ; but as the cliffii gradually qypeared more elevated, 
they were so convinced that they pointed out and named to Mr. 
Latham the diO^rent places wmch they bad been accustomed 
to visit : such as the bay, the windmill at Boulogne, St Vallery, 
ud other places on the coast of Picardy. All these places 
appeared to them as if they were sailiuff At a small distance 
into the harbor. fVom the eastern cliff or hill, Mr. Latham 
aw at once Dungeness, Dover clif^ and the French coast, all 
the way firom Ca&is, Boulogne, on to St Vallery, and, as some 
of the fishermen affirmed, as fiir as Dieppe. The day was ex- 
tremely hot, without a breath of wind, and objects at some 
distance appeared greatly magnified. 
This class of phenomena may be well illustrated, as I have 

T2 
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elniriien'* fogveited, by holding a man of hntad ii^ 
a oottBdenUe SiickiieBB of water, placed in a ginv traq||i, 
with ntaite of parallel glaask By withdrawing the hem 
iron, ue gradation of density increaainp downwaida, will be 
aeoompanied by a decrease of density nom the sorihce, ail 
thrcNign fluch a medium the phenomena of the mirage may be 



(156.) That some of the phenomena ascribed to im«ad 
renaction are owing to unusual refleiuon, arising from d]A^ 
ence of density, cannot, we think, admit of a danbt If I* 
observer beyond the earth's atmosphere at 8, Jig, ISKlt wva 
to look at one composed of strata of difoent refractive uiweia 
as shown in the figure, it is obvious that the light of tne aai 
would be reflectedat its paaaafe through the boundary of eMb 
8timtuni,and ^ same woulahqipen if the vaiiatioo tf n- 
fiactive |»wer were perfectly gradual. Well described CMM 
of this kind are wanting to enable us to state the laws of flw 



phenomena; but the following lact, as described by Efc 
Buchan, is so distinct, as to loave no doubt respectinff iti ot^ 
gin. ** Walking on the cli£^" says he, **abont a m& to flw 
east of Arightoo, on the morning of the 18th of Noveatet 
18C4| while watching the rising S the sun, I turned nnr fl|fii 
direc^y towards the sea just as the aoiax disc eauKgeama 
the surfiice of the water, and saw the fiioe of the diff oi 
which I was standing represented oreetfefy opponte fo Me at 
some distance on the ocean. Calling tlie attention of mf 
companioo to this appearance, we soon also diacuvered ear 
man Jigures standing on the summit of the opposite apparent 
cli£^ as well as the representation c^ a windmill near at hand. 
The reflected images were most distinct precisely of^NMdte to 
where we stood, sEd the &lsc cliff seemed to ftde away, and 
to draw near to the real one, in prqxurtion as it receded 
towards the west This ph^iomenon lasted about ten minata^ 
till the sun had risen nearly his own diameter above the sea. 
The whole then seemed to be elevated into the air, and sno- 
cessively disappeared, like the drawing up of a dxop aceoe in 
a theatre. Tne surfiice of the sea was covered with a devo 
fog of many yards in height, and which gradually receded 
bmre the rays of tlie sun. The sun's light fell upon the diff 
at an incidence of about 73^ fitxn the perpendicular." 

** JEdiMkmrgk Mneif cl gpm di at art HttU 
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CHAP. XXXQ. 

ON THI RAINBOW.* 

^97.) Thb lainbow is, as every person knows^ a luminoiis 
mi eartanding across the region of the sky opposite to the 
an. Under yerv fiivorable circumstances, two oows are seen, 
fc inner and the enter, or the primary and the secondary, 

a within the pnmaiy rainbow, and in contact with it, and 
not fte secondary one, there have been seen supenni- 
■niy bowiL 

The primary or inner rainbow, which is commonly seen 
tkoBt i> put or a drcle whose radius is 42^. It consists of 
•ven diflerendy colored bows^ viz. viokt, which is the inner- 
M^ mUgOf Mile, green, yellow, orange, and red, which is 
II0 outermost These cdiors have the same jraoportional 
taidth as tfae'Spaces in the immatic spectrum. This bow is, 
ikniirai only an infinite number of prinnatic spectre, ar- 
aii^ed in the circ u mfe r ence of a circle ; and it would be easy, 
Ijf n cironbir arrangement of priBms^ or by covering op all me 
VWtnd part of a laSge lens, to produce a small arch or exactly 
im Bune colorB. All that we require, therefore, to form a 
riitkoWt p a great number of transparent bodies ciqiable of 
Amdng a great number of prismatic spectre fimn the light of 
(he am. 

Am the rainbow is never seen, unless when ram is actually 
Uing between the spectator and the sky opposite to the son, 
ve nra led to believe that the tram^Murent bodies reouired are 
inft of rein ^diich we know to be small spheres, if we k»k 
intoa globe of glass or water held above the head, and oppo- 
lllB to the son, we s^ actually see a prismatic spectrum re- 
Iscted fiom the ftrther side of the fflooe. In ihu spectrum 
the 9kiei nvs will be innermost, aiSl the spectrum vertical 
if W8 bold uie elobe horizontal on a level with the eye, so as 
to ne dw son's light reflected in a hcnrizontal plane, we shall 
ne a horuBontal q)ectrum with the vwUt reys innermost In 
Eke mianner, if we hold a globe in a position intermediate be- 
hvoen these two, so as to see the sun's lig^ reflected in a 
phae inclined 45^ to the horizon, we shall perceive a spec- 
tram inclined 45^ to the horizon with the vMet innermost 
Now, since in a rfx)wer of rain there are drqis in all positions 
relative to the eye, the eye will receive spectre inclined at all 
mgles to the hoSrizoo, so that when combined they will form 
the huge circular spectrum which constitntes the rainbow. 

* In tbt College edition, tee Appendix of Am. ed. chapb vii. 



324 A TKSATISB ON OPTICS. PABT UL 

To explain this more clearly, let £, F,^. 134., be drqs of 
rain exposed to the sun's rays, incident upon them in the 




directions R £, R F ; out of the whole beam of light whioli 
fidls upon the drop, those rays which pass throoffh or new the 
axis of the drqp will be refracted to a focus behind it| but 
those which fiiU on the upper side of the drop will be refiaioted, 
the red rays least, and the vioUi most, and will fidl upon the 
back <^ toe drop with an obliquiU such that many of then 
will be reflected, as shown in the ngute. These rays will be 
again refracted, and will meet the eye at O, which will pe^ 
ceive a spectrum or prismatic image of the sun, with the ffi 
space u^^rmost, and the violet undermost If the son, the 
eye, and the drops £, F, arc all in the same vertical plane, the 
spectrum produced by £, F will form the colors at the veiy 
summit of the bow as in the figure. Let us now suppose t 
drop to be near the horizon, so that the eye, the drop, and the 
sun, are in a plane inclined to tlie horizon ; a ray of the sun^ 
light will be reflected in the same manner as at £^ F, with 
this difference only, that the plane of reflexion will be in- 
^cliucd to the horizon, and will form part of the bow distant 
from the summit. Hence, it is manifest, that the drops of rain 
above the line joining the eye and the upper part of the rain- 
bow, and in the plane passmg through the eve and the son, 
will form the upper part of the bow ; and the drops to the 
right and lefl hand of the observer, and without the line joiD- 
ing the eye and the lowest part of tho bow, will form the 
lowest part of the bow on each hand. Not a single dn^ 
therefore, between the eye and the space within the bow n 
concerned in its production : so that, if a shower were to ftU 
regularly from a cloud, the rainbow would appear before a 
single drop of rain had reached the ground. 
If we compute the inclination of the red ray and the violet 
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ny to the inddent rays RE, RF, we shall find it to be 4^2' 
ftr the redj and 40° 17' fer the violet^ n that the breadth of 
the rainbow will be the diflference of those nmnbers, or 1° 45', 
or nearly three times and a half the sun's diameter. These 
resolts coincide so accorately with observation, as to leave no 
doubt that the primtuy rainliow is produced by two re&actioiui 
and one intermediate reflexion of the rays that fiill on the 
upper sides (^ the drops of rain. 

it is obvious that the red ami tiolet rays will saSSsr a second 
reflexion at the points where they are represented as quittinff 
the drop, but these reflected rays will so np into the sky, and 
cannot possibly reach the eye at O. But though this is the 
case with rays that enter the upper side of the drop as at E F, 
or die side farthest from the eye, yet those which enter it on 
the under side, or the side nearest the eye, may after two re- 
flezkms reach the eye, as shown in the uqw H, G, where the 
lays R, R enter the drops below. The red and violet nya 
wfll be refracted in diflerent' directions, and after being twice 
nflected will be finally refracted to the eye at O ; the violet 
inuing the upper part, the red the under part of the spectrum. 
V we now compute the inclination of these rays to the inci- 
dent nys R, R, we shall find them to be 50^ 57' for the reil 
njf and 54^7' for the violet ray; the difierence of which or 
8^ 10' will be the breadth of the bow, nnd the distance be- 
tween the bows will be 8^55'.* Hence it is clear that a 
SBOOodaiy bow will be formed exterior to the primary bow, 
and with its colors reversed, - in cmsequence of their being 
produced by two reflexions and two refractions. The breadth 
of the secondary bow is nearly twice as ffreat as that of the 
primary one, and its colors must be much fainter, because it 
OQudsto of light that has sufiered two reflexions in place of one. 

(156.) Sir Isaac Newton found the semirdiameter of the in- 
terior bow to be 42^, its breadth 29 ICy, and its distance from 
the outer bow 8^ SCK; numbers which a^ree so well with the 
calculated results as to leave no doubt or the truth of the ex- 
planation which has been given. But if any forther evidence 
were wanted, it may be found in the fact, which I observed in 
1812, that the light of both the rainbows is whoQy polarized 
m flanespassijig through the eye and the radii ^ the arch, 
Tka result demonstrates that the bows are formed by reflexion 
at or near the polarizing angle, from the surfiice of a trans- 
parent body. The production of artificial rainbows by the 
spray of a water&ll, or by a shower of drops scattered by a 
mop, or forced out of a syringe, is another proof of the pre- 

* No correction for the sun's apparent diameter, is here made. 
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cedinff explanation. Lunar rainbows are sometimes seen, bot 
tiie colors are fiiint, and scarcely perceptibl& In 1814» I aw, 
at Berne, a fog-bow, which resembled a nebulous arcfa» in 
which the cclors were invisible. 

(15a) On the 5th of July, 1828, 1 observed ihree su^peno- 
merary bows within the primary bow, each conwHtrng of 
green and red arches, and m contact with the violet arc£ of 
the primary bow. On the outdde of the outer or secooduy 
bowl saw distinctly a red arch, and beyond it a very ftint 
green one, constituting a supernumerary bow, analogoai to 
mose within the primary rainbow. 

Dr. HaUey has shown that the rainbow formed by three re- 
flexions within the drops will encircle the sun Itself at the 
distance of 40^ 20', and that the rainbow formed by fowr re- 
flexions will likewise encircle him at the distance of 45^ 33'. 
The rainbows finrmed by five reflexions will be partly covered 
by the secondary bow. The light which forms tliese three 
bows is obviously too faint to meke any impression on oar 
organs, and these rainbows have therefore never been observed. 

Many peculiar rainbows have been seen and described. On 
the 10th August, 1665, a faint rainbow was seen at Chartiea, 
crossing the primar]^ rainbow at its vertex. It was formed bj 
reflexion from the river. 

On the 6th August, 1608, Dr. Halley, when walking on the 
walls of Chester, observed a remarkable rainbow, soown in 
fig. 135., where A B C is the primary bow, D H E the second- 
ary one, and A F H G C the new bow intersecting the second- 




ary bow D H E, and dividing it nearly into three parts. Dr. 
Halley observed the points F, G to rise, and the arch F G 
gradually to contract, till at length the two arches F H G and 
F G coincided, so that the secondary iris for a great space lost 
its colors, and appeared like a white arch at the top. The new 
bow, A H C, had its colors in the same order as the primary 
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coe A B C, and consequently the reirerse of the secondary 
bow; and on this account the two opposite spectre at G and F 
cu ui i te mcted each other, and produced whiteness. The sun 
at this time shone on the river Dee, which was unruffled, and 
Dr. Halley found that the bow A H C was only that part of 
the code €i the primary bow that would have been under the 
castle bent upwards by reflexion from the river. A third 
nunfaow seen between the two common ones, and not con- 
centric with them, is described in Rozier's Journal, and is 
doobtleBB the same phen<mienon as that observed by Dr. HaUey. 
Red rainbows, distorted rainbows, and inverted rainbovirs on 
the grass, have been seen. The latter are formed by the drops 
cf rain suspended on the spiders' webs in the fields. 



CHAP. xxxm. 

OH HALOS, CXIBONiB, PARHSUA, AND PARASELENJi. 

flOQ.) When the sun and moon are seen in a clear sky, 
thev exhibit their luminous discs without any change of color, 
una without any attendant phenomena. In other condilionB 
f£ the atmosphere, the two luminaries not only experience a 
change of color, but are surrounded with a varie^ of luminous 
circles of various sizes and formeL When the aur is chaiged 
with dry exhalations, the sun is sometimes as ^ed as blood. 
When seen through watery vapors, he ia shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
state of the sky, I have seen the sun of the most brilliant 
aalnion color. When light fleecy clouds pass over the sun uod 
moon, they are often encircled with <me^ two, ikree^ or even 
more, colored rings, like those of thin plates ; and in cold 
weather, when parades of ice are floating in the higher re- 
gions, the two luminaries are frequently surrounded with the 
most complicated phenomena, consisting of concentric circles, 
ciides passing through their discs, segments <^ circles, and 
mock suns or moons, fiurmed at the points where these circles 
intersect each other. 

Hie name halo is given indiscriminately to these phenom- 
ena, wiiether they are seen round the sun or the moon. They 
are called parhelia when seen round the sun, and paratelewB 
when seen round the moon. 

The small halos seen round the sun and moon in fine wea- 
ther, when they are partially covered with light fleecy clouds^ 
have been also called cororue. They are very common round 
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the Sim, tlioagfa, firam the overpoweriiiff brigfatnen of hk im 
they are b^ aeea when he is obaerved hy reflexion fiom ue 
Bumce of sdU water. In June, 1602, Sir Isaac Newton cb- 
eerved, by reflexion in a vessel of standing water, three rings 
of cddr round the sun, like three little rainbow& The ooun 
of the first or innermost were blue next the sun, red withnit, 
OQd white in the middle between the blue and red. The ookns 
of the second ring were mirple and blue within, and pole ni 
without, and Mfreen in tne middle. The oolora of the diird 
rinff were pah blue within and pale red without The colon 
am diameters of the rings are lame particularly given as fol- 
io wa: — 

Ist Ring . Blue, white, rod IHuneter, 5o to 6<». 

3d Ring - Pale Uuc, pkle red - Diameter, 12^. 

On the 19th February, 1664, Sir Isaac Newton saw a hah 
round the moon, of two rings, as fblbws : — 

Ist Ring . White, bluish green, yellow, red - Diameter, 3° 
^ Ring - Blue, green, red Diametar, S^^* 



Sir Isaac considers these rines as formed by the light . 
ing through very small drops of water, in the same manneru 
the colors of thick plates. On the suppositkni that the Mh 
ules of water are the 500th of an inch m diameter, he IndB 
that the diameters of the rings diould be as ibllows :— 

Ist Red ring Diameter, 7}^ 

2d Red ring Diameter, lO^o 

3d Red ring Diameter, 12<> 33* 

The rinji^ will increase in size as the globules become lea^ 
and diminish if the globules become larger. 

The halos round the sun and mocm, which have excited 
most notice, are those which are about il^ and 94^ in diune- 
ter. In order to form a correct idea of them, we shall giie 
accurate deecripdons of two ; one a jNiri^ton, and the otbera 
paraselene. 

The fidlowing is the original account of a parhdumf seen 
by Scheiner in 1630: — 

(161.) *'The diameter of the circle M QN next to the sun, 
was about 45^, and that of the ciide O R P was about goo aO*; 
they were cdored like the primary rainbow; but &e red vai 
next the sun, and the other colors in the usual order. The 
breadths c^ all the arches were equal to one another, lod 
about a third part less than the diameter of the sun, as repre- 
aented in j^. 196. ; though I cannot say but the whitish circle 
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OG P^ptnUel to the iiorisn, was ratfaer liroider than the 
mt TbB two parhelia M, N were lively enough, hot the 

Fig. 136. 




Other two at O and P were not so hrisk. M and N had a pur- 
ple lednesB next the sun, and were white in the opposite parts. 
O and P were all over white. Thev all differed in their dn- 
ntiooB ; ibr P, which riione but seloom and but fiundy, van- 
ished first of all* being covered by a collectioii of pretty thick 
dooda The parhelion O continued constant fiir a mat while, 
though it was but fidnt The two lateral pariielia M, N were 
seen constantly fi>r three hours together. M was in a lan- 
ffuishing state, and died first, after several struffgles, but N 
eontiinied an hour after it at least Though I did not see the 
last end of it, yet I was sure it was the cSty (me that accom- 
panied the true sun for a long thne, having escaped those 
douds and vapors which eztinguiahed the rest. However, it 
vamflhed at last, upon the ftll of some smaU showeni Thk 
pheno m e no n was obeerved to last 4} hours at least, and smce 
It appeared in perfection when I first saw it, I am pemaded 
ita Wnoie dnratioo mififat be above five hour& 

**The parhelia Q, K were situated in a vertical jdane pue- 
i^f tfaaough the eve at F, and the sun at O, in which vertical 
the aichea H RC, OR P either crossed or toudied one an- 
odnr. TbeBB parhelia were sometimes brighter, somettmea 
iUnter tiian the rest, but were not so perfect in their shape 
and whitiah color. They varied their magnitude and color ao- 
ooiding to the different temperature of Oie sun's li^ at G, 
and the matter that received it at Q and R; and therefore 

U 
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their light and color were almost always fluctuating, and cob- 
tinned, aa it were, in a perpetual conflict I took partioikr 
notice that they appeared almoBt the first and last of the ptr- 
helia, excepting that of N. 

** The arches which compcNsed the small halo M N next to 
the sun, seemed to the eye to compose a single circumfetmice, 
but it was coi^fused, and had unequal breadus; nor did it con- 
stantly ccmtinue like itself, but was perpetually fluctuatiiig. 
But in reality it consisted of the arches expressed in & 
figure, as I accurately observed for this very purpose.* These 
arches cut each other in a point at Q, and tnere they fbnaed a 
parhelion ; the parhelia M, N shininfif finom the common inter- 
sections of the mner halo, and the wnitish circle O N M P." 

(162.) Hevelius observed at Dantzic, on the 30th of Mudi, 
1660, at one A. M., the paraselene shown in Jig, 137. The 
moon A was seen surrounded by an entire whitish circle 

Fif. 137. 




B C D £, in which there were two mock moons at B and D; 
one at each side of the moon, consisting of various colony aod 
shooting out very lon^ and whitish beams by fita At about 
two o*cTock a lar^r circle surrounded the lesser, and reached 
to the horizon. The tops of both these circles were touched 
by colored arches, like inverted rainbows. The inferior aich 
at C was a portion of a large circle, and the superior at F a 
portion of a lesser. This phenomenon lasted nearly three boors. 
The outward great circle vanished first Then the larger in- 
verted arch at C, and then the lesser ; and last of all the inner 

* The four intersecting circles which form this inner halo are deacritad 
trom four centres, one at each angle of a small sqaare. 
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eircle B C D E disappeared. The diameter of this inner circle, 
and also of the supericnr arch, was 45^ and that of the eacberior 
ckcle and inferior arch was 90^. 

Oto another occasbn Hevelius ohserved a large white reo- 
^*ng^l*^y cross passing through the disc of the moon, the moon 
hang in the intersection of the cross, and encircled with a 
halo exactih^ like the inner one in the preceding figmre. 

(163.) The fi:equent occurrence of the halos of 47^ and 94° 
in cold weather, and especially in the northern rmons df the 
ffidboj led to the belief that they must be foxmea by crystals 
at ice and anow floating in the air. Descartes sapposed that 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huvgens, who investigated the subject both experi- 
mentally and ueoretically, has published an elaborate theory 
of halos, in which he assumes the existence of particles of 
haily some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylinders to be kept in a vertical 
positicHi, by ascending currents of air or vapor, and to have 
their axes at all possiole inclinations to the horizon, when they 
are dispersed by the wind or any other causes. He considers 
these cylinders to have been at first a globular collection of 
the softest and purest particles of snow, to the bottom <^ which 
other particles adhere, the ascending currents preventing 
them from adhering to the sides ; they will, therefore, assume 
a cylindrical shape. Huygens then supposes that the outer 
part of the cylinders may be melted by the heat of the sun, a 
small cylinder remaining unmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trans- 
parency to refract and reflect the rays of the sun in a regular 
manner. By means of this apparatus, the existence of which 
is not impossible, Huygens has given a beautiful solution €i 
almost all the difficulties which have been encountered in ex- 
plaining the origin of halos. 

Sir fiaac Newton regarded the halo of 45° as produced by 
a diflEerent cause from the small prismatic corone ; and he was 
of opinion that it arose from refraction ^ from some sort of 
hail or snow floating in the air in a horizontal posture, the re- 
fracting angle being about 58° or 60°." 

When we consider, however, the gre»t variety of crystal- 
line forms which water assumes in freezing ; that these crys- 
tals really exist in a transparent state in the atmosphere, in 
tlie form of crystals of ice, which actually prick the skin like 
needles ; and that simple and compound crystals of snow, of 
every conceivable variety of shape, are often foiling throu^fh 
the atmosphere, and sometimes melting in passing tnrough its 
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lower and warmer strata, we do not require any hypothetical 
cylindeiB to account for the principa] phenomena of na]o& 

Mariotte, Young, Cavendifih, and others, have agreed in 
ascribing Uie halo of 45° or 46° in diameter, to refractioo 
through prisms of ice, with refracting auEles of 60° floadng 
in the air, and havinff their refracting angks in all directioDa 
The crystals of hoer-noet have actuafly such angles, and tf we 
oomnute the deviation <^ the refracted rays of the sun or moon 
inciaent upon such a prism, with the index of refraction fir 
ice, taken at 1-31, we shall find it to be 21° 60', tbedouUs 
of which is 48° 40'. In order to explain the kxger tuks Dt. 
Young supposes that the rays which have been cnce relrac t ed 
by the prism may &11 on other prisms, and the eflbct then be 
doubled by a second refraction, so as to produce a demtion 
of 90°. This^ however, is by no means probable^ and Dr. 
Young has candidly acknowledged the ^ great apparent pnb- 
ali^ity" of Mr. Cavendish's suggestion, that the external halo 
may be produced by the refraction ci the rectangular termi- 
nations of the crystalsL With an index of refraction of I'd!, 
this would give a deviation of 45° 44', or a diameter of 91° 
2B', and the mean of several accurate measures is 01° 4fft a 
verf remarkable coincidence. 

"rhe existence of prisms with such rectangular terminatioos 
is still hypothetical ; but I have removed the difficulty on this 
point, by observing in the hoar-frost upon stones, leaves^ and 
wood, regular quadrangular crystals of ice, both simple and 
compound. 

Although lialos are generally represented as circles, with 
the sun or moon in their centres, yet their apparent fonn is 
commonly an irregular oval, wider below than above, the sun 
being nearer their upper than their lower extremity. Dr. 
SmiUi has shown that this is an optical deception, ariaiDg from 
the apparent figure of the sky, and he estimates that when 
the circle touches tlie horizon, its apparent vertical diameter 
is divided by the moon, in the proportion <^ about 2 to 8 or 4 ; 
and is to the horizontal diameter drawn throu^ the moon 184 
to 3, nearly. 

With the view of ascertaining if any of the halos are ifiinn- 
ed by reflexion, I have examined them with ^mUy refracting 
prisms, and have found that the light which forms them has 
not suffisred reflexion. 

The production of halos may be illustrated experunentally 
by crystallizing various salts upon plates of fflass, and lookhtf 
through the plates at the sun or a candle. Wlien the ciystau 
are granular and properly formed, they will produce the finest 
efSsctB, A few drops of a saturated solution of alum, for ex- 
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inple, Mpmi over a pkte of glass «o u to crj^aUIlize qaickly, 
wm covw it with an imperfect cruat, coDULBtiiiK of flat octo- 
bednl cijilala, Bcucely visible to tlie eye. When the ob- 
terva, with hie eye placed close behind the smcuth side cf iJie 
glam plate, looks through it at a luminous body, he will per- 
cdve tftree Jirte halos at diflcreut dielanceB, cDcircling the 
MNirce rf light ■ The interior halo, which is the whitest of 
Ifae three, is finned Ij the refraction of the raya through a 
pair cf &CM io the crystala that are least incTmed to each 
:tlier. ThSRCond halu, which is blue without and rerf within, 
*ith all tfie prismatic colors, is formed by a pair of more iu' 
alined ftcea; and the third halo, which is large and brilliantl.v 
niored, from the incrcaeed retraction and dispersian, is formed 
3j the moBt inclined faces. As each crystal of alum han three 
xiiBof each of these included prisms, and u these rcrracting 
keee will have every pusiblc direction to the horizon, it is 
suy to DoderEtand how the holos are completed and equally 
InmiiioiiB throug'hoiit. When the crystals have the property 
iT doable refraction, and when their axis is perpendicular to 
Ibeplates^ more beautiful combinations will be produced. 

(164.) Among the luminoUB phenomena of the atnioepbere, 
m may here notice that of converging and diverging solar 
beanw. The pheaomenon of diver/^itg beamt, represented in 
J^. 1S6., ia of frequent occurrence in summer, aiul when the 
mnisDew the horizon; aod arises fion a portion of the sun's 




ajs paasin^ through openings in the clouds, while the adjacent 
wtioDS are obstructed bv the clouds. The phenomenon of 
omergivg beami, which is of much rarer occurrence, ia 
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jme vith tbe pbenciiieiioD erf' diveiipiig bt 
OidiunetncaUyi^ipaaite to the red aoe,ii 
1 «t A, utd throwiDfr out his diveis 
' of this kind which 1 nw in 1 



be nece^uj ns a ground, Sx 
tendering- visible such feeble radiatiiHia. A few minutes after 
the phenomenon v/aa firgt seen, the converging linn were 
bUck, or vc^ dark; an effect which seenu to have uiaen 
ficm the luminous b^ms having become broad and of nne^l 
intenaity, so that tbe eye tocA up, as jt were, tba duk epicei 
between the beamB nxse readily t)un the lumjnous beann 
themselves. 
Tim pbetKNnetua is entirely one erf* perspective. I^ as 
le beama inclined loone another like theme 



gbbe to dive^ fiom the eun, as these meridiana di rai ge ftwi 
tbe north pde of the globe, and let us suppose that pIuKa 
pass through all these meridiana, and through the line jo 



le obaervet and the sun, or their commoa interaection. An 
^e^ therefore, ^aced in that line, or in the common ifrieraec- 
tioa of all tbe fifteen planes, will see the fifteen beams ccn- 
vergine to a point opposite the son, just as an eye in the alia 
of a globe would see all the fifteen meridians of the ^olc 
converge to its south pole. If we suppose the azie of a riobe 
(v of an armillary sphere to be dircctnl to tbe centres of tbe 
diverging and converging beams, and a [dane to pass throuf^ 
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the globe parallel to the horizoD, it would cut off the meri- 
diuis 80 as to exhibit the precise appearances in fig, 198. and 
fig, 199. ; with this di^rence onty, that there woukl be fifteen 
boms in the diverging system m the place of the number 
ahown in fig, 199. 



CHAP. XXXIV. 

ON THB C0L0K8 OF NATURAL BQDIRS. 

(165.) Thkrs is no branch of the application of optical 
science which possesses a greater interest than that which 
moposes to determine the cause of the colors of natural bodies, 
i^ Isaac Newton was the first who entered into an elaborate 
investigation of this difficult subject; but though his specula- 
tions are marked with the peculiar ^nius of tl^ir author, yet 
they will not stand a rigorous examination under the lights of 
modern science. 

That the colors of material nature are not the result of anj 
qnality inherent in the colored body has been incontrovertibly 
praveo by Sir Isaac. He found that all bodies, of whatever 
color, exhibit that color only when they are placed in white 
light. In homogeneous red light they appeared reef, in xMu 
liffht xMei^ and so on ; their colors hem? always best dienlayed 
woen placed in their own daylight colors. A rtd waror, for 
examfAe, appears red in the white light of day, because it re- 
flects red light more copiously than any of the other oobrs. 
If we place a red wafer m yellow light, it can no longer ap- 
pear red, because there is not a particle of red light in the 
yellow light which it could reflect It reflects, £)wever, a 
portion of yellow light, because there is some yellow in the 
red which it does reflect If the red wafer had reflected no- 
thing but pure homogeneous red li^ht and not reflected white 
light from its outer surface, which all colored bodies do, it 
would in that case have appeared absolutely black when 
placed in yellow light The colors, therefore, of bodies arise 
m>m their property of reflecting or transmitting to the eye 
certain rays of white light, while they stifle or stop the re- 
maining rays. To this point the Newtonian theory is support- 
ed by mfiillible experiments ; but the principal part of Uie 
theory, which has for its object to determine the manner in 
which particular rays are stopped, while others are reflected 
or transmitted, is not so well founded. 
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Ab Sir Isaac has stated the principles of his theory with the 
greatest clearness, we shall give them in his orwn words. 

**lst, Those superficies of transparent bodies reflect the 
greatest quantity g£ light which have the greatest refracting 
power; that is, which separate media that difier noostin their 
refracting power. And in the confines of equally re&actiog 
media there is no reflexion. 

^ 2d, The least parts of almost all natural bodies are in 
some measure tran&parent ; and the opacity of these bodies 
arises from the multitude of reflexions caused in their internal 
partsL 

<*3d, Between the parts of opaque and colored bodies are 
many spaces, either empty, or replenished with mediums of 
other ctensities; as water between the tinging corposdeB 
wherewith any liquor is impregnated; air Ktween the 
aqueous globules that constitute clouds or mists ; and for tbe 
most part spaces, void of both air and water, but yet perhaps 
not wholly void of all substance, between the parts of all 
bodies. 

** 4th, The parts of bodies and their interstices must not be 
less than of some definite bigness, to render them opaque and 
colored. 

** 5th, The transparent parts of bodies, according to their 
several sizes, reflect rays of one color, and transmit those Gt 
another, on the same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I ta!ke to be the ground 
of all their colors." 

** 6th, The parts of bodies on wliich their colors depend are 
denser than the medium which pervades their interstices. 

"7th, The bigness of the component parts of natural bodies 
may be conjectured by their colors." 

Upon these principles Sir Isaac has endeavored to explain 
the phenomena of transparency, black and white opacity, and 
color. He regards the transparency of water, salt, glass, 
stones, and such like substances, as arising from the snuQlnesB 
of their particles, and the intervals between them ; for though 
he considers them to be as full of pores or intervals between 
the particles as other bodies are, yet he reckons the particles 
and their intervals to be too small to cause reflexion at their 
common surfaces. Hence it follows, from the table in page 
93, that the particles of air and their intervals cannot exceed 
the half of a millionth part of an inch ; the particles of water 
the Jth of a millionth, and those of glass the ^d of a millionth; 
because at these thicknesses the light reflected is nothing, or 
the very black of the first order. The opacity of bodies, such 
as that of white paper, linen, &c., is ascribed by Newton to a 
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^rntter aze of the particles and their intervals, viz. such a 
mm as to reflect the white, which is a miztore of the oolorB 
of the different ofders. Hoice in air they mnat exceed 77 
mfllinnthH of an inch, in ¥^ter 57 millioDtba^ and in glass 50 

millinitlML 

In like' manner^all the diflferent colors in Newton's taUe 
•IB s uy posed to be produced when the particles and their in- 
tervals have an intermediate size between that whkh jjfo- 
dnces transparency and that which produces white opaoty. 
If a film of mtco, for example, of an uniton blue odor, is cut 
into the smallest pieces of the same thickneae^ every piece 
will keep its color, and a heap of such pieces will constitute a 
maas of the same color. 

So fiur the Newtonian theory is plausible ; but in attempting 
to explain Modk opactQr, such as that of coid and other bodies 
absoiratelir impervions to light, it seems to fidl entirely. To 
produce uaekness, **the particles must be less than anj of 
tfaose which exhibit cdor. For at all greater sizes there is too 
mnch lifffat reflected to constitute this color ; but if they be 
supposed a little less than is requisite to reflect the white and 
fiunt blue of the first order, they will reflect so very little 
as to appear intensely black." That such bodies will be 
when seen by reflexion is evident ; but what becomes 
of all the transmitted light ? This question seems to have 
perplexed Sir Isaac The answer to it is, ** it nunf perhaps 
M vorjotts&f refracted to and fro within the body^, until it 
happens to be stifled and lost ; by which means it will appear 
intensely black." 

In this theory, therefore, tramparency and blackneM are 
~ to be produced by the very same constitution oi the 




supposed 
body; 011 



and a refraction to and fro is assumed to extinguish 
tbetranemitted li^t in the one case, while in the other such 
a rafinaction is entirely excluded. 

In the production of colors of every kind, it is assumed 
that the complementary color, or generally one half of the 
l^it, is lost by repeated reflexions. Now, as reflexion only 
binges the direction of light, we should expect that the light 
thuB scattered would show itself in some form or other ; but 
tfaoogfa many accurate experiments have been made to discover 
it, ithas never yet been seen. 

For these and other reasons,'*' f which it would be out of 
place here to enumerate, I consider the Newtonian theory of 

* Sae a UKMre detailed examination of the theory in my Life of Sir Isaac 
Newton. 

t Fbr an account of Sir David Brewster's ootline of a new theory of the 
eolon of natural bodies, see Note VII. of Am. ed. 
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colore as applicable only to a small class of phenomeiia, while 
it leaves unexplained the colore of fluids and traosparait 
solids, and all the beautiful hues of the vegetable kiDodoin. In 
numerous experiments on the colore of leaves, and on the 
juices expressed from them, I have never been able to see the 
complementary color which disappears, and I have almost in- 
variably found that the transmitted and the reflected tint is 
the same. Whenever there was an appearance of two tinti^ 
I have found it to arise from there beinc two diflbrently coloi^ 
ed juices existing in diflferent sides of the leaf. The New* 
toniau theory is, we doubt not, applicable to the colors of the 
wings of insects, the feathere of birds, the scales of fiahen^ tin 
oxidated films on metal and fflass, and certain optdescencea 

The colore of vegetable liro and those of variooB hands of 
solids arise, we are persuaded, from a specific attraction nHiich 
the particles of these bodies exercise over the diflferently oot- 
ored rays of light It is by the light of the sun that the coknd 
juices of plants are elaborated, that the colors of bodies tie 
changed, and that many chemical combinations and decompo- 
sitions are eflected. It is not easy to allow that such eflMi 
can be produced by the mere vibration of an ethereal mediam; 
and we are forced, by this class of facts, to reason as if luht 
was material. When a portion of light entere a body, ana ii 
never again seen, we are entitled to say that it is detained by 
some power exerted over tlie light by the particles of the body. 
That it is attracted by the particles seems extremely probebfe, 
and that it enters into combination with them, and prodooei 
various clicmical and physical effects, cannot well be doubted; 
and without knowinnr the manner in which this combination 
takes place, we may say that the light is absorbed^ which is 
an accurate expression of the fact 

Now, in the case of water, glass, and other transparent 
bodies, tlie light which entere tSeir substance has a certain 
small portion of its particles absorbed, and the greater part of 
it which escapes from absorption, and is transmitted, comei 
out colorless, because tlic particles have absorbed a piro|xv- 
tional quantity of all the different rays which compose wnite 
light, or, what is the same tiling, the body has abscvbed white 
light 

In all colored solids and fluids in which the transmitted 
liglit has a specific color, the particles of the body have ab- 
sorbed all the ra^s which constitute the complementary color, 
detaining sometimes aU the r^s of a certain definite refian- 
gibility, a portion of the rays of other refi^ngibilities, and al- 
lowin&r other rays to escape entirely from absarption ; all the 
rays thus stopped will form by theu: union a particular ccoh 
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pound color, which will be exactly complementary to the color 
cf the transmitted rays. 

In black bodies, such as coal, &c., all the rays which enter 
their substance are absorbed ; and hence we see the reason 
why such bodies are more eaisily heated and inflamed by the 
aetioa of the luminous rays. The influence exercised by heat 
and cooling upon the absorptive power of bodies furnishes an 
additional suraort to the preceding views. 

(106L]) Berare concludmg this chapter, we may mention a 
few curious facts relative to white opacity, black opacity, and 
color, as exhibited by some peculiar substances. 

1st, Tabaeheer, whose refractive power is 1*111, between 
air and water, is a silicious concretion found in the joints of 
the bamboa The finest varieties reflect a delicate azure 
color, and transmit a straw-;^ellow tint, which is comnlement- 
aiy to the azur^. When it is slightly wetted witli a wet 
needle or pin, the toet spot instantly becomes milk white and 
tpaqMe, The ^plication of a greater quantity of water re- 
sfcoras its transparency. 

SSdly, The cameleon mineral is a solid substance made l^ 
heKtmg the pure oxide of manganese with potash. When it is 
disBotved in a little warm water, the solution chan^ its color 
finom green to blue and purple, the last descending m the order 
of the rings, as if the particles became smaller. 

8dly, A mixture of oil of sweet almonds with soap and sul- 
phnric acid is, according to M. Claubry, first yellow, then 
onsNi^ red, and violet. In passing from the orange to the 
reif the mixture appears almost black. 

^tUy, IC in place of oil of almonds, in the precedinc^ ex- 
periment, we employ the oily liquid obtained from alcohol 
neated with chlonne, the colors ci the mixture will be pale 
fdkno, orange, black, red, violet, and beautiful Hue. 

Qtfaly, Tincture of turnsole, after having been a consider- 
able time shut up in a bottle, has an orange color; but when 
the bottle is opened and the fluid shaken, it becomes in a few 
nimites red, and then violetrblue, 

6thly, A solution cf hmmatine in water containing some 
drops of acetic acid is a greenish udlow. When Introduced 
mto a tube containing mercury, and heated by surrounding it 
with a hot iron, it assumes the various colors of yeUow, 
ormnge, red, and purpie, and returns gradually to its pnmitive 
tint 

7thly, Several of the metallic oxides exhibit a temporary 
change of color by heat, and resume their original color by 
cooling. M. Chevreul observed, that when mdigo, spread 
upon paper, is volatilized, its color passes into a very brilliant 
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poppy^md. The yellow phosphate c£ lead gimn graen mim 

Stitiy, One of the moet remukaUe Acta, howercr, ii Ihtf 
diico*«Kd bj M. Tbaaud. He fbund that pbufibnrui, purifiM 
fay lepMted diitilUtiais^ though natunllf of a wbitUi f dkrt 
cMor when allowed to cool uowlj, beoomet abtatiOAf Ukk 
whro tlu«wii molted into coM water. Uptai tatuhtaff «■> 
Uttle globules tliat rtiU temaioed yellow and liquid WMB kt 
wu r^wating this experiment, M. Biot found that they )b> 
itantly became hoIuI ii^ blacL 
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An account of the Btructure and functions of the fanDMii 
eye, that nuiaterpiece of divine mechanism, fiirma an intend 
am branch of applied optice. This noble organ, by meaoai/ 
which we acquire bo large a portion of our fawwledEe </ die 
material universe, is represented in figt. 140. and 141., tie 
former being a front and external view of it, and the latter i 
Bection of it through all it9 humors. 

The human eye is of a Bpherical fbnn, with a alig^ fta- 
jection in front. The eyeball or globe of the eye cnwiats of 
Kiur coats or membranea, which have received the naUMt d 
the Mclerotic coat, the cAeroid coat, the cornea, and the ntiai,' 
and theee coals inclose three humors, — the aqaeou* htmar, 
the vilreou* humor, and tjie cryitaltine humor, the last d 
which has the form of a lens. The sclerotic coat, b a a a, s 
the outennoBt, is a strong and toug;h membrane, to which an 
attached all Uie muscles which give motion to the eytbaU, 

K/. 140. 




• XXXV. DnCSIPTION OP THB BTE. S41 

. OQUtitiiteB the white ci the eye, a«, jl^. 140l The 
ii 6 6, is the clear and tniuparent coat which hnoB the 




of the eyeball, and is the fint optical anrftce at which 

v/n of liffht are refinacted. It is fimily tinited to the 

lie coat, llling np, as it were, a curcukr aperture in its 

The cornea is an exceedinjgfly toi^ m^bbnne, of 

thickness throughout, and composed of sevoal ftinly 
iag layen, capable of opposing mat resistance to ez- 
L injury. The choroid coat is a delicate membiane lining 
mer sor&ce of the sclerotic^ and covcned on its inner 
» with a black pigment Immediately within this pig- 

and close to it, lies the retina^ rrr^ which is the inner- 
3oat of all. It is a delicate reticulated membrane, ftnaed 
9 expansion of the o^dc nerve, O O, which enters the eye 
idliiit about i^ of an inch fhxn the axis on the side next 
an. At the extremity of the axis of the eye, in a line 
ig tiiroogh the centre of the ooiTiea, and perpendicular 

snrfiu^ there is a small hole with a ydlow margin, 
[ the jbimhien i:;enffYi{e, wliich, lidJtwith&taiiding its name, 

it reu opening, but o^ a transjiarent qiot, llree from 
A ndpy matter cS which the retina is Cotnpaidd. 
knidng thrCNigh the comea fivtti without, we perceive a 
leukr membnne, e/ j%. 141., or within, 6 ^ J|g. 140., 
I is grey, blue, or bliH^ and divides the aiiternr of the 
ito two very unequal parts. In the centre of it (iiere is 
sakr openm^ i, called the oupi^ which widens or ex- 

wben a anul portion of lijgffat enten the eye, and ckees 
itracts when a fpeeX quanti^ of light enters. The two 
into which the uis divides the eye are called the ^toifierfor 
iBfoaienor chambers. The mterior chamber, which is 
or to the iris^ ef, contains tibe aqueous hmnor; and the 
ior chamber, wnidi is posterior to the iru^ contains the 
illine and vitreous huroon^ tiie last of Which fiDs a great 
n of the eyeball 

V 
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The cfystaUine lens, c e^fig. 141., is a more solid Babrtaim 
than either the aqueous or the vitreous humor. It is wiiywiiW 
in a transparent bag or capsule by the ciUary proceMweSf gg, 
which are attached to every part of the margin or circiinifir 
ence of the capsule. This lens is more convez behind tibu 
before ; the radius of its anterior Borfiice bein^ 0*90 of an inch, 
and that of its posterior surfiice 0*22 of an mch. The km 
increases in density ftom its circumference to its centre, tod 
possesses the doubly refracting structure. It consists of coo- 
centric coats, and these are again composed of fibres. The 
vitreous humor, V V, is contained in a capsule, which is sup- 
posed to be divided into several compartment& 

The total len^ of the eye from O to 6 is about 0*91 of id 
inc]) ; the principal focal distance of the lens, c c, is 1*73; and 
the range of the moving eyeball, or the diaineter of the fieU 
of distinct vision, is 11(^. The field of vision is 50° above t 
horizontal line and 70^ below it, or altogether 120° in a ve^ 
tical pJane. It is 60° inwards and 00° outwards, at altqgetber 
in a horizontal plane 150°. 

I have found the foUowing to be the refractive powers of 
the different humors of the eye; the ray of light being inci- 
dent upon them from air : — 

- Aqueous CryOaUine Lent, VUrtaiM 

■ inimor, UtafKe. Cntn. Man. HumBT. 

1-3366. 1-3767. 1-3990. 1-3839. 1-3394. 

But as the rays refracted by the aqueous humor pass into 
the crystalline, and those from the crvstalline into the vitreoos 
humor, the indices of refraction of the separating surface of 
each dT these humors will be : — 

From aqueous humor to outer coat of the crystalline 1-0300 

From do. to crystalline, using the mean index - - 1*0353 

From crystalline outer coat to vitreous ..... 0-97S9 

From do. to do. using the mean index ... 0*9679 

As the cornea and crystalline lens must act upon the rays 
of light which fall upon the eye exactly like a coovex lens^ 
inverted images of external objects will be formed upon the 
retina r r r in precisely the same manner as if the retina were 
a piece of white paper in the focus of a single lens placed at 
d There is this difference, however, between tlie two casBi, 
that in the eye the sidierical aberration is corrected by means 
of the variation in the density of the crvstalline lena^ which, 
having a greater refractive power near the centre of its jaoafli, 
refracts the central rays to the same point as the rays whidi 
nass through it near its circumference cc. No provisioD, 
however, is made in the human eye for the correction of color. 
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lieeanse the deviation of the differendy colored rays is too 
■nail to produce indistinctness of vision. If we shut up all 
die papil excepting a portion of its ed^ or look past the 
llii^er held near the eye, till the fin|;er umoet hides a narrow 
Ime of M^te light, we shall see a distinct prismatic spectrum 
of this line containing all the different colors; an efl^t which 
eoidd not take place if the eye were achromatic. 

That an inverted image of external objects is formed on 
Ae retina has been often proved, and may be ocularly demon- 
strated by taking the eye of an ox, and paring away with a 
Aaip instrument the sclerotic coat till it becomes thin enough 
to see the image through it Beyond this point optical science 
eumot carry us. In what manner the retina conveys to the 
brain the impressions which it receives from the rays d light 
we know not, and perhaps never diall know. 

On the Phenomena and Laws of Vision 

(167.) 1. On the seat of vision. — ^The retina, from its deli- 
cate structure, and its proximity to the vitreous humor, had 
■Iways been regarded as the seat of vision, or the sur&ee on 
iriiicn the refracted rays were converged to their foci, for the 
Dorpose of conveying the impression to the brain, till M. 
Hariotte made the curious discovery that the base of the optic 
nerve, or the circular section of it at O, Jig. 141., was in- 
capable of conveying to the brain tlie impression of distinct 
vision. 

He found that when tlie image of any external object foil 
upon the base of the optic nerve, it instantly disappeiured. In 
order to prove this, we have only to place upon tne wall, at 
the height of the eye, three wafers, two feet distant from each 
oCher. Shuttinjg one eye, stand opposite to the middle wafer, 
and while looking at the outside wafer on the same hand as 
the £^ut eye, retire gradually from the wall till the middle 
wafer disappears. This will happen at about five times the 
dialaace <n the wafers, or ten feet from the wall ; and when 
the middle wafer vanishes, the two outer ones will be distinctly 
seeo. If candles are substituted for wafers, the middle cuidle 
will not disappear, but it will become a cloudy mass of light 
IT the wafers are placed upon a colored wall, the spot occu- 
nied by the wafer will be covered by the color of the wall, as 
if the wafer itself had been removed. According to Daniel 
Bernoulli, the part of the optic nerve insensible to distinct 
impressions occupies about the seventh part of the diameter 
of the eye, or about the eighth of an inch. 

This uniitneds of the Imlsc of the optic nerve for giving 
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distinct visian, induced Mariotte to believe that the 



oQttt, which lies immediately bebw the retina, pexfisina ti» 
fiinctiou9 ascnbed to the retina; §x where there wag no 
choroid coat there was no distinct Tiskm. The opacity of thB 
oboioid coat and the transparency of the retinat which Teode^ 
ed it an ui^t ground for the reception of imagea, were am- 
ments in fiivor of this opinioiL Comparative anatonnr fiuoMPei 
us with another argument, perii^ even more cnncimdve than 
any of thoee urgS by Mariotte. In the eye of the 9^ 
loCigOf or cuttle-OBh, an opaque membranous pigment Is ilItB^ 
posed between the retina mid the vitreous humor i^ so that, if 
the retina is esaoitial to vision, the improssioDs of the imue 
on tills black membrane must be conveyed to the retina % 
the vibratioiDs of the membrane in fiont of it Now, since 
the human retina is traiiq[)arent, it will not prevent the imaM 
erf" objects from being fbnned on the choroid coat; and tne 
vibrati(»is which they excite in this membrane, being com- 
municated to the retina, will be conveyed to the brain. Thte 
views are strengthened by another fiict of some interest I 
have observed in young persons, that the choroid coat (which 
is generally supposed to be black, and to grow fainter m m,) 
reflects a uriUiant crimson color, like that of dogs ana ouier 
animala Hence, if the retina is afl^ted by rays which pasi 
through it, this crimson light which must necessarily be trau- 
mitted by it ought to excite the sensation of crimsoo, which I 
find not to be tne case. 

A French writer, M. Lehot, has recently written a work, 
endeavoring to prove that the seat of visioD is in the vitreous 
humor ; and that, in place of seein? a flat picture of the ob- 
ject, we actually see an image of tiiree dimensicms, viz. with 
length, breadth, and thicknesa To produce this eSect, he 
supposes that the retina sends out a number of small nervom 
filaments, which extend into the vitreous humor, and conv^ 
,to the brain the impressions of all parts of the image. If thu 
theory were true, the eye would not require to adjust itself to 
difierent distances ; and we besides know ibr certain, that the 
eye cannot see with equal distinctness two points of an object 
at different distances, when it sees one of them perfectly. M. 
Lehot might indeed reply to the first of these objections, tint 
the nervous filaments may not extend far enough into the 
vitreous humor to render adjustment unneceseaiy ; but if we 
admit this, we would be admitting an imperiecUon of work- 
maoiship, in so &r as the Creator would then be employing two 

Dr. Knox, Edii^. Jourmal qf Science, No. VI. p. 199. 
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kinds of mechanism to produce an effect which could have 
been easily produced by either of them separately. 

As difficulties still attach to every opinion respecting the 
•eat of vision, we shall still adhere to the usual expression 
used by all wHoal writers, viz. that the images of objects are 
painted on t^e retina. 

(166.) 2. On the law of visible direction, — ^When a ray 
of light &lls upon the retina, and gives us vision of the point 
of an object from which it proceeds, it becomes an interesting 
qoefltioa to determine in what direction the object will be seen, 
reckoning from the point where it fidls upon the retina. In 
Jijf . 142L, let F be a point of the retina on which the image of 
a point of a distant object is formed by means of the crystaUine 

Fig. 142. 




lens, supposed to be at L L. Now, the rays which form the 
image of the point at F fall upon the retina in all possible di- 
rections from L F to L F, and we know that the point F is 
seen in the direction FOR. In the same manner, the points 
//' are seen somewhere in the directions /' S,/T. lliefie 
mes F R,/' S,/T, which may be called the lines qf visible 
iireeiion^ may either be those which pass through the centre 
C of the lens L L, or , in the case of the eye, through the 
centre of a lens equivalent to all the refractions employed in 
Koducing the imafe ; or it may be the resultant of all the 
directions within the angles L FL, L/L; or it may be a line 
perpendicular to the retina at F,/'/ In order to determine 
this point, let us look over the top of a card at the point of 
fhe OTJect whose image is at F till the edge of the card is just 
abont to hide it, or, what is the same thing, let us obstruct all 
the rm that pass through the pupil excepting the upper ones, 
R L^ R C ; we shall then find that tiie point whose image is at F, 
is seen in the same direction as when it was seen by all the 
lays L F, C F, L F. If we look beneath the card in a similar 
mamier,so as to see the object by the lower rays, R LF, RC F 

V2 
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we shall see it in the same directioii. Hence it is manifat 
that the line of viaihle direction does not depend on the dine- 
tion of the ray, but is always perpendicolar to the retina. Tlu 
unportant truth in the phvBkuoey of vision may be proved k 
another way. If we look at the sun over the top of a caid, 
as before, so as to impress the eye with a permanant specUuui 
by means of rays L F ftllinc^ obliquely on the retma, this 
spectrum will be seen akog the axis of visual F GL In Ukft 
manner, if we press the eyeball at any part where tiie retiM 
is, we shiJl see the luminous impreesion whidi is produced, ia 
a direction pei^iendicular to the point of pioMu re ; and if m 
make the pressure with the head of a pin, so as to press eitfav 
obliquely or perpendicularly, we shall find that the luminoiB 
spot has the same direction. 

Now, as the interior eyeball is as nearly as poaEdUe a perfect 
sphere, lines perpendicular to the surface of the retina mneft 
all pass through one single point, namely, the centre of its 
spherical surfs^e. This one point may be called the cenin of 
visible direction, because every point of a visible object wiU 
be seen in the direction of a Ime drawn from this centre to 
the visible point When we move the eyeball by means of its 
own muscles through its whole ran^ of 110'', every point of 
an object within the area of the visible field either of distinct 
or indistinct vision remains absolutely fixed, and this arises 
from the immobility of tlie centre of visible direction, and, 
consequently, of the lines of visible direction joining that 
centre and every point in the visible field. Had the centre of 
visible direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed. If we nreai 
the eye with the finger, we alter the spherical fimn or the 
surface of the retina ; we consequently alter the direction of 
lines perpendicular to it, and also the centre where these lines 
meet; so tliat the directions of visible objects should be 
changed by pressure, as we find them to be. 

(1§9.) 3. On the cause of erect vision from an inverUi 
image. — As the refractions which take place at the snrfiioe of 
the cornea, and at the surfaces of the crystalline lens^ act ex- 
actly like those in a convex lens in fbiinin^ behind it an in- 
verted image of an erect object ; and as we know firam direct 
experiment that an inverted imaffe is formed on the retine, it 
has been lon^ a problem among me learned, to determine haw 
an inverted unage produces an erect object It woidd be a 
waste of time to give even an outline of the different opnuone 
which have been entertained on this subject; but there is one 
60 extraordinary as to merit notice. According to this opinkn, 
all infimts see objects upside down, and it is only by oompaiing 
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tte tRoneoos in&niiatkm acquhed by viakm with 
Mfcnmilion loquired by touch, that the young learn to aee 
dgectsinanerectpoatiao! To refute such an (Kmiioa would 
be an insult to the mtelligent reader. The establishment of 
tta true cause of erect vision necesaurily ov^tums all erro- 
■eou hvpothesea 

The law of visible direction above explained, and deduced 
iiRm direct ezpenment, removes at once every difficulty that 
baaeCa the subject The lines of visible direction necessarily 
eras each othor at the centre of visible directian, so that thoae 
from the bwer part of the image go to the upper part of the 
o hfec t , and thoae fifom the upper put of the imafe to the lower 
part of the object Hence, m fig. 142. the vudUe doection 
of the point/', formed by rays coming from the upper end S 
of the object, will be/' C 8, and the visible direction of the 
pointy^ formed bv rays coming from the lower end T of the 
object, will be/C T; so that an inverted image necessarily 
pmuces an erect object 

This conclusion may be illustrated in another way. If we 
hold np affainat the sun the erect figure of a man, cut out of 
a piece (x Uack paper, and look at it steadily for a little 
while ; if we then ediut both eyes, we sliall see an erect spec- 
tnuB of the man when the figure of the paper is erect, and 
an inverted spectnim of him when the figure is held in an 
inverted position. In this case, there are no rays proceeding 
from the oligect to the retina after the eye is ehut, and therefoire 
the d^ect is seen in the positions above mentioned, in virtue 
af Che lines of visible direction being in all cases perpendicular 
to the impressed part of the retina. 

QLTOl) 4. On tike law of distinct visum, — ^When tlie eye 
ii directed to any point of a landscape, it sees with perfect 
diatinctneas only that point of it whico is directly in the axis 
of tiie eye, or the image of which fidls upon the central hole 
of the retina. But, though we do not see any point but the 
one with that distinctness which is necessary to examine it, 
we i^tiU aee the other parts of the landacape with sufficient 
dbtinctneBB to enable us to enjoy its general efiect The ex- 
trame mobility of the eye, however, and the duration of the 
i mp r oDD iOBs inade upon the retina, make up for this apparent 
defeett and enable us to see the landscape as perfectly aa if 
erar part of it were seen with equal distinctness. 

The iodi8tin<^eBs oi viskm for all objects situated out of 
the axis of the eye increases with their distances fhah that 
azSa; so that we are not entitled to ascribe the distinctness of 
viBon in the axis to the circumstance of the image being 
formed en the central hole of the retina, where there is no 
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nervouB matter; for if this were the case, there would be t 
precise boundary between distinct and indistinct visiooi or die 
retina would be found to grow thicker and thicker as it re- 
ceded fhxn the central hole, which is not the case. 

In making some experiments on the indistinctneM of viwn 
at a distance from the axis of the eye, I was led to obaem a 
very remarkable pecaliarity of oblique yisioo. If we riint one 
eye, and direct the other to any fixed point, such as the head 
<x a pin, we shall see indistincuy all otner objects within the 
sphere of vision. Let one of these objects thus seen indis- 
tmctly be a strip of white paper, or a pen Iving upon a green 
cloth. Then, alter a ehort time, the strip of paper, or the pen, 
will disappear altogether, as if it were entirely removed, the 
impression of the ^reen cloth upon the surrounding puts of 
the eye extending itself over the part of the retina wiuch the 
image of the pen occupied. In a short time the vanidied 
image will reappear, and again vanish. When both eyes are 
open, the very same effect takes place, but not so readily as 
with one eye. If the object seen indistinctly is a black stripe 
on a white ground, it will vanish in a similar manner. When 
the object seen obliquely is luminous, such as a candle, it will 
never vanish entirely, unless its light is much weakened by 
bein^ placed at a great distance, but it swells and contEicUi^ 
and IS encircled with a nebulous halo; so that the luminoos 
impressions must extend tliemselves to adjacent parts of the 
retma which are not influenced by the light itself. 

I( when two candles arc placed at uie distance ci about 
eiffbt or ten feet from the eye, and about a foot fitxn each 
other, wc view the one directly and the other indirectly, the 
mdirect image will swell, as we have already mentioned, and 
will be surrounded with a bright rinf of yellow light, while 
the bright light within the ring will have a pale Sue oobr. 
If the candles arc viewed through a prism, the red and green 
light of the indirect ima^e will vani^, and there will he left 
(^y a large mass of yellow terminated with a portion of Uuo 
lijgfht In nuikin^ this experiment, and looking steadily and 
dnrectly at one oi the prismatic images of the candles^ I was 
surprised to find t!iat the red and green rays began todis- 
ai^pear, leaving only yellow and a small portion of blue ; and 
when tiie eye was kept immovably fixed on the same point of 
the image, tlie yellow light became almost pure white, so that 
the prismatic image was converted into an el(xigated image 
of white light 

If the strip of white paper which is seen indirectly with 
both eyes is placed so near the eye as to be seen doulue, the 
rajTS which proceed from it no longer fiill upon corresponding 
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poiiilii of the letiiiB, and the two imige« do not viwh iostm- 
tuieoualy. Bat when the one begins to di^a|fmr9 tW otter 
btgiiiB soon after it, so that they aonetimea appetr ip be ez- 
thumuhed at the same time. 

From these results it afiraars that oUi^e or lodiBecsl viskm 
]« infiurbr to dir9ct vision, not only in diatinctnesi^ hot from 
ili inabili^ ta preserve a sustained vision of olrjects; but 
tMlgh thus dereetive, it possesses a supenorily ovfur direct 
Twan in giving us more perfect vision of minute oijjwti^ eoch 
H mall fltaxii which cannot be seen by direct visMn. This 
eariana ftct haa been noticed by Mr. Hersohel and Sir Jamea 
South, and some (^ the French aatrDDomerSi ^ A rather an- 
gvlw method," my Meens. Herschel and Booth, ^of obtiUninff 
a viswa and even a rough measure, of the angles ef stan of 
thelaet deigree ^ fiuntness^ has often been resorted tob vias. to 
Mnd ike efe to amotherprnt oftkeJiM, In this way« a 
ftiat 9lar^ in the neig^boraood of a large one, will cAen be? 
come very oonspicuoua; so as to bear a certain illnminatioq, 
wbioh will yet totally dimppear, as if suddenly blotted oaU 
n^en the eye is turned full upon it, and so on, appeariag and 
diaaj^pearing altematelv as often as you please. The lateral 
partialis of the retina, less &ti^ed qr strong lights, and less 
eihiiinted by perpetual attentun, are probuly more sensible 
ta fiilnt impresakas dian the central ones; which may serve 
te acoomit fiv this phenomenon." 

The fbilowing explanation of this curious ^henomenoQ 
mema to me more mtisfiustory : — ^A kanmtnu point seen by 
Unci vtfton, or a sharp line of light viewed steadiljr lor a 
ooiwiderable time, throws the retina into a state of agitation 
faigjUy mi&vorable to distinct vision. If we look through the 
tMth of a fine comb held close to the eye, or even through a 
mnglo raerture oi the same narrowness, at a sheet of illumi- 
aatod white paper, or even at the sky, the paper or the sky 
will appear to be covered with an infinite number of broken 
aeipeiitme lines, parallel to the aperture, and in constant mo- 
tkn ; and as the aperture is turned round, these parallel undu- 
ktioQi will also turn round. Th^se black and white lines are 
ok v ^ ud y undulations on the retina, which is sensible to the 
inmremions of light in one phase of the undulation, and insen- 
■ble to it in anomer phase. An analogous efibct is produced 
hf looking stedfiuitly, and for a concdderable time, on the par- 
allel lines which represent the sea in certain mapsi These 
lioM wUl break into portions of serpentine lines, and all the 
prismatic tints will be seen included between the broken cur- 
vflinear portions. A sharp point or line of lig^t is therefore 
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miable to keep up a continued vision of iteelf upon tiie ntioi 
when seen direcuy. 

Now, in the case of indirect viakn, we have already eeoi 
that a luminoas object does not vanish, bat is eeen indieDnctly, 
and nrodncea an enlarged image on the retiiu, bende nt 
which ia produced by tte defect of coovergency in the pendh 
Hence, a star seen indirectly, will affect a larger poraoB of 
the retina fhmi these two causes, and, losing its sharpna^ 
will be more distinct It is a curious circomrtsnce, toes thrt 
in the experiment with the two candles mentjoned above, the 
osadles seen indirectly fre<]uently appear moie intenself 
bright than the candle seen directly. 

(171). 5. On the ituenaibOUy qf tke ege to dkrect u ^ 
skna ojfmrU Ught, — ^The insensibility of the retina to h 
rect impressions of objects ordinarily lUominated, has a sia- 
gnlar counterpart in its insensibility to the direct impream 
c€ very fiunt light If we fix the eye steadily on objects m t 
dark room that are illuminated with the fiuntest gleam of 
li^it, it will be soon thrown into a state of painful agitation ; 
the objects will appear and disappear accoraing as the retina 
has recovered or lost its sensibility. 

These affections are no doubt the source of many optical 
deceptions which have been ascribed to a supernatnral onm. 
In a dark night, when objects are feebly illuminated, their 
disappearance and reappearance must seem very extraoidinBry 
to a person whose fear or curiosity calls forth all his powers of 
observation. This defect of the eye must have been often 
noticed by the sportsman in attempting to mark, upon tiie mo- 
notonous heaths, the particular spots where moor-game had 
alighted. Availing himself of the slightest difference of tint 
in the adjacent heaths, he endeavors to keep his eye steadily 
upon it as ho advances ; but whenever the contrast of illumi- 
nation is feeble, he almost always loses sight of his mark, or 
if the retina does take it up a second time, it is only to lose it 
again."" 

(172.) 6. On the duration of impressions of light on the 
retina, — ^Every person must have observed that the e^ct of 
light upon the eye continues for some time. During the 
twinkling of the eye, cfr the rapid closing of the eyelids ibr 
the purpose of difiusing the lubricating fluid over the comet, 
we never lose sight of the objects we are viewing. In like 
manner, when we whirl a burning stick with a rapid motion, 
its burning extremity will produce a complete circle of light, 

♦ See the E^nburgh Journal qf Science, No. VI. p. 888. 
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•kfaough that extremity caa only be in one part of the ciiclo 
at the aune ioataiit 

. The moat inatnictive experiment, however, on this aabject, 
and one which it reqoirea a good deal dT pnctioe to make 
wellt IB to look fiv a ahort time at the window at tbe end of a 
Umg apartment, and then quickly direct the eye to the dark 
waU. In genera], the ordinaiv ohaarver will see a picture of 
die window, in which the dark bars are white and the whtte 
pues dark; but the practised observer, who uakea the ohssrv- 
atkxi with great promptness, will see an accurate representa- 
tkn of the window with dark bars and bright panes; but this 
representation is instantly succeeded bv uie oomplementarv 
aetare, in which the bars are bri^ ana the panes dark. M. 
I^Arey found that the light of a uve coal, moving at the dis- 
tance of 165 ibet, maintained its impressbn on the retina 
durieg the seventh part of a second.* 
- Cf^w) 7, On the comae qf tingle vinon wUh two eyes. — 
Althoogh an image of every visible object is fimned on the 
letina S each eye, yet when the two eyes are oqiahle of di- 
racting their axes to any given object, it always appears single. 
There is no doubt that, in one seme, we really see two.objects^ 
bat these objects aj^iear as one, in consequence of the one oc- 
cnpving exactly im same place as the other. Single viakm 
with two eyes^ or with any number of eyes^ if we had them, 
ia the necessary conseq ue nce of the law of vinUe direction. 
By the action of the external muscles of the eyeballs, the 
axes of each eye can be directed to any point of qpaoe at a 
greater distance than 4 or 6 inches. If we look, fin: example, 
at an aperture in a windownahutter, we know that an image 
of it is Jbrmed in each eye ; but, as the line of visiUe dirro- 
tian fiom any point in the one image meets the line of visible 
direction from the same point in the other image^ each point 
will be seen as one point, and, consequently, l£e whde aper- 
toie seen by one eye wiU ooindde with or cover the wUe 
aperture seen by tfa!e other. If the axes of both eyes are dt- 
reeted to a pomt beyond the vnndow, or to a point within the 
mom, the aperture will then appear douUe, because the lines 
of visible direction fiom the same pcmits in each image do not 
meet at the aperture. If the muscles of either of t& eyes ia 
miahle to direct the two axes of the eyes to the same point, 
the object wiU in that case also appear double. This maJulity 
oif one ejre to follow the motions of the other is freouently the 
cause of squinting, as the eye which is, as it were, left behmd 

nacessarily looks m a diflferent directkin firom the other. The 

- -~ 

* For a £irUwr iUuftratioD, lee Note VUt of Am. «d. 
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fune efibct is often produced hf the iminiftct vuian of dM L 
eye^ in conseqaoice of which the flood eja only ■ omL h 
Hence the imperfect eye will gnduafly Ion thepoww of ftt n 
lowing the motioDS of the other, and will therence look i» a ^ 
difeent directioD. The dieeoae of aqpiinting may ba oAn 
euily cored. 

(174) 8. On the accommodatkm qf As eife to iifitm 
ilutmoeiL-^When the eye sees objects diitnictly at a gntt 
diirfance» it is inuUe, withoot eooie change, to aae ohjeeli(i» 
tinctly at any leaa distance. This will be readily eaea hf 
looking between the &i^rB at a distant object Whea Im 
distant dgect is seen disbnctly, the iingen will be seen ia^ 
tinctly; and, if we look at the fingers so as to see them di^ 
tinctly, the distant object will be quite indistinct The asit 
distinguJAed phiksophers have maintained diflarant opiniaai 
respecting the method by v^iich the eyre acHnsIa itaalf ladifr 
ferent distances. Some have ascribed it to the mere eohig^ 
ment anddinunution of the popil ; some to the fifltigatim of 
the eye, by which the retina is removed from the cmlaUiBi 
lens; some to the motion of the crystalline lens; and oltai 
to a change in the convexity of the lens, on the a mnm i i t iu li 
that it OGOsists of muscular fibres. I have ascertamed, If 
direct experiment, that a variation in the apertnieef the popl 
produced artificially, is incapable of producing at yu i ta s ai, 
and as an eloontion of the eye would alter the cui f atu iO of 
the rethia, and consequently the centre o£ viaiUe diractioa, 
and produce a change of place in the image, we consider tUi 
hypothesis as ouite untenaUa 

in Older to discover tho cause of the adjustment, I made a 
series of experiments, from which the following inferanoes may 
be drawn :— 

Ist, The oontraction of the pupil, which neceantffly tahn 

Slace when the eye is adjusted to near objects, does not pie* 
uce distinct vision by the diminution of the aperture, bot by 
some other action winch necessarily accompanies it 

2dly, That the eye adjusts itself to near objects fay tua 
actkms; one of which is voftnUory, depending wholly on the 
will, and the other tavolttntory, dependmg on the stimolaa of 
li£^ fijling on the retina. 

8dly, Thkt when the voluntary power of adjostmont Am 
the adjustment may still be eflfected by the inirolantary atina- 
Ins of light 

Reaaotting firom tiiese inferences, and oliidr reiults of Ex- 
periment, it seems difficult to avoid the conclusioli that the 
power of adjustment depends on the mechuiism which con- 
tracts and dilates the pupil ; and a!i thJA adjustment is inde- 
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nndeM of the ?arittion of its apeiture, it moBt be eflfected bf 
m pais in immedrnte onitact with the base of the iria 1!^ 
CQHideriii^ the varioiu ways in which tiie sieohBiiiBm at this 
hMeof 'Ihe iris maj produce the adjuetment, it appean to be 
ahnoit ootun that the lens is rennaved ftom the retiiia by the 
eottnctkai cf the pupil* 

(JM,') fiL Oiimecau9eqflmig8ightedneuand8h€ftaigh^ 
fliiaM. Botwoon the ajres of §d and 50, the eyes of most 
piinili bwin to ezpenence a remarkable chuwe* which 
■ i mlaM y nowa itseli in a difficulty of reeding mnS\ type or 
iMinited hookas particalarly by cuidleliffht lUi dereet of 
^ptt^ wiiieh is called lof^nj^tediiett, oecaose objects are 
seen best at a distance, arises firom a chance in the state of 
the dystslline lens, by which its density and reftactive power, 
as well as its fiirm, are altered. It frequently begins at the 
BMiipn of the lens, and takes several months to go round it, 
and It is often accompanied with a partial separation of the 
kmine and even of the fibres of the lens. **If the human 
flfe^" u I have elsewhere remarked, ** is not mana^ with 
peeoliar care at this period, the chan£[e in the condition of the 
Htae ofteo runs into cataract, or termmates in a derangement 
of ffiiras, ¥di2ch, though not iiulicated by white opacilj^, ooca- 
Bom imperfectioos of v^don that are often mistaken fer 
anthiifQaia and other diseases. AskiUhloculiBt,wfaothorou|^y 
nddenftandB the structure of the eye, and all its optical mnc- 
tkae^ would have no difficulty, by means of nice experiments, 
in dsbectuiff the very portion of the lens vdiere this change 
baa taken ^ace; in determming the nature and magnitude of 
te change vdiich is going on; in applying the proper reme- 
dte fiir stopping its progress; and in asce&ining whether it 
has advanced to sucn a stEtte that aid can be (wtained ftom 
ooBvexor ocKicave lenses. In such cajsea^ lenses are often ze- 
soited to before the cryMalline lens has suffered a uniftifm 
change of figme or of density, and the use of them cannot 
M to agnavate the very evils which they are intended to 
letnedr. in diseases of the lens, where the sepaiatioa of 
fftiM H confined to small spots, and Is yet of i^nidi ma^^nitude 
as to give separate cdorod images of a lununous ob)ect, or 
irreguhur halos cf light, it is often necessary to liinit the aper- 
ture of the spectacles, so as to allow the vision to be performed 
by the good part of the orystalline lens.*' 

Tbia defect of the eye, when it is not acocmpanied with 
disease, may be completely remedied by a convex lens^ which 

• fV>r a fuller account of tiMse experiments, see EMakmr^fh Journal of 
Sei9nt€, No. I. p. 77. 

w 
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makes up for the flatness and diminishfld refractive power of 
the crysteUine^ and enables the eye to convnge the pendb 
flowing finxn near objects to distinct fi)ci on the rethuL 

fihortofffatednesB aiows itself in an imJiility to sae at a d» 
tance; axd those who experience this defect Driller nuniite ob- 
jects very near the eye in order to see them diatuMsOy. ThB 
rays from remote objects are in this case converged to fiici be- 
ftve they reach the retina, and therefore the pictnze on the 
retma is indistinct This imperfection often appean in eulf 
life, and arises fimn an increase of density hi the oeotnl puts 
of the crystalline lens. By osmg a soitable concave leosthe 
conveigency of the rays is delayed, so that a distinct inSgc 
can be iivnied on the retuia. 



CHAP. XXXVL 

OR AOdllKNTAL COLOBS AND. OOLOUD SHADOWS. 

(176.) When the eye has been strongly im presse d wilk 
any paxticular species of cdored light, and when in thia slile 
it looks at a sheet of white paper, the paper does not appeu 
to it white, or of the color with which the eye was impraned, 
but of a di^rent color, which is said to be fne aecident^eohr 
of the color with whidi the eye vras impressed. If we pboBb 
ftr example, a bright red wafer upon a sheet cS white paner, 
and ta the eye stoeidily upon a mark in the centre of it, uea 
if we turn the e^re upon the white paper we shall see a ci^ 
cular spot of bluish green light, of the same size as the wafer. 
This color, which is called the accidental color of rei^ idQ 
gradually &de away. The bluish green image of the wajfer ii 
called an.ocuUsr spectrum, because it is impressed on the eye^ 
and may be carried .about with it for a short time. 

If we make the preceding experiment with difl&rently col- 
ored wafers, we shall obtain ocular spectra w^ose colon vaiy 
with the color of 4he wafer empbyed, as in the fi^Uowing tdils. 

Color or Ik. Wato ^"1S?SS£f^^ 



Red. Bhiiflh green. 

Orange. Blue. 

Yellow. Indigo. 

Green. Reddiih violet 

Blue. Orange red. 

Indigo. Orange yellow. 

Violet Yellow green 

Black. White 

White Black 
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la ordor to find the accidental cdor of any color in the speo- 
traiBv lake half the Imiffth of the spectrum in a pk of com- 
panea,- and setting one fint in the cdor whoae accidental oolor 
w re qui red, the other will fall upon the accidental colDr. 
Hanbe the law of accidental cdon derived from observation 
m^ be thus stated >— The accidental color of any col6r in a 
frMmntic spectrum, is that cdcnr which in the same speptmra 
Hdntent finom the first odor half the length of the spectrum; 
OTf if we arnnfre all the colon of any prismatic spectram in 
fr circlei in their due pnqwrtioiis, the accidental cdor of any 
pirticiilar cdor will be the cdor exactly opponie that pai^ 
tiealar cdor. Hence the two colors have been called opposUe 
odorsL 

If the primitive color, or that which impresses the ^e, is 
reduced to the same degree of intensity as the accidental 
color, we shall find that the one is the complement of the 
Odier, or what the other wants to make it white light ; that 
i% the primitive and the accidental colors will, when reduced 
to the same degree of intensity which they have in the spec- 
trum, and when mixed together, make white light On this 
■eeoant acddental colors have been caUed complementary 



With the aid of these fiicts, the theory of accidental cdors 
w31 be feadOy understood. When the eve has been ibr some 
time fixed on the red waier, the part of the retina occupied 
ly the red image is strongly excited, «*, as it were, deadened 
m iti continuS action. The sensibility to red light will 
t hewdtu e be diminished ; and, consequenUy, when the m is 
turned finm the red wafer to the white paper, the deadened 
portinQ of the retina will be insensible to t£e red rays which 
ftnn part of the white light frran the pap«r, and. consequently 
will see the paper of that color which arises fixxn all the rays 
in die white liflfat of the paper but the red ; that is, of a hhiiuih 
green color, mich is there&re the true corajdementaiy cokir 
cf the red. When a black wafer is placed on a white 
ipnond, the circular portion of the retma, on which the black 
mage fitUs, in place of being deadened, is refreshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retina, beinsf excitS by the white lid^t of the paper, 
wfll be deadened by its continued action. Hence, when the 
eye is directed to the white paper, it will see a white cirde 
correspondinff to the black image on the retina ; so that the 
accidental cdor of black is white. For the same reason, if a 
while wafer is placed on a Mack ground, and viewed stedfiurtly 
for some time, the eye will afterwards see a black circular 
ftpace ; so that the accidental color of white is fdack. 
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Such are the phenomena of accidental colovs when W9tk 
liflfat ia emnbyed; hot when the eye is im prc a no d powerfUlf 
with afari^ white li^^t, the phenomena have qoiteadiflhniit 
chazacter. The first peiaon who made tfaia ezperimeDt with 
any care was Sir Isaac Newton, who sent an acoonnt of Aa 
reaulta to Mr. Locke, but they were not pnhiiriied till IfiSH* 
Many years before 1691, Sir laaac, having shut hia left C9«^ 
directed the right one to the inuge of the snn reflected mm 
a looidng^laafL In order to see the impreanon wluch wai 
made, he tamed hia eye to a dark comer of his room, when 
he ohaerved a bright spot made by the aun, encircled by rii^ 
of cokm. Thia ^ phantom of li^t and cdon^" aa he calk i^ 
gradually vanished ; but whenever he thought of it, it retnm- 
ed, and becwne as lively and vivid as at fint He rashly le* 
peated the experiment three times, and his eye was impnsnd 
to such a degree, " that whenever I looked upon the daadi^ 
or a book, or a bright object, I saw upon it a round bri^ 
spot of li^t like the sun ; and, which is still stranger, thoi^ 
I looked upon the sun with my right eye only, aiuL not with 
my left, yet my fancy began to make an impressku on my left 
eye as well as upon my right ; for if I shut my right cm or 
looked upon a book or the clouds with my left eye, I coiud see 
the qKCbrum of the sun almost as plain aa with my right m.** 
The ef^t ai this experiment was such, that Sir uaac SaA 
neither write nor read, but was obliged to shut himself oooh 
idetely up in a dark chamber for thr^ days together, and hf 
aaeping m the dark, and employing his mind about other 
things/he b^an, in about three or tour dajs, to recover the 
use of his eyes. In these experimenter Sur Isaac's atientkn 
was more taken up with the metaphysical than with the op- 
tical results of them, so that he has not described either the 
colors which he saw, or the changes which they underwent 

Experiments of a similar kind were made by M. .£piinD& 
When the sun was near the horizon, he fixed his eye steadily 
on the solar disc for 15 seconds. Upon shutting his eye bo 
saw an irregular pale sulphur yellow image of the sun, enci^ 
cled with a fiunt red border. As soon as he opened his ej^e 
upon a white ground, the image of the sun was a 6roioiitj& 
red, and its surrounding border sky blue. With his eye agaia 
shut, the image of the sun became green with a red boner, 
dij^rent fbom the last Turning his eye again upon a white 
ground, the sun's image was more red, and its b(»der a brigfator 
sky blue. When the eye was shut, the green spectrum be- 
came a greenish sky blue, and then a fine sky blue, widi the 

* In Lord King's liife of Lorke. 
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order growing a finer red ; and when the eye was open, the 
pectzum becuDB a finer red, and its border a finer blue. M. 
Ej^us noticed, that when his eye was fixed upon the white 
jininidy the image of the sun frequently disappeared, returned, 
■d diaappeared again. 

Aboat the year 1806, 1 was led to repeat the preceding ex- 
lAkiMJUta of .£pinus; but, instead of looking at the sun 
linn of a dingy color, I took advantage of a fine sommer^s 
i^^^hen the sun was near the meridian, and I formed upon 
I lAite gioond a brilliant image of his disc by the concave 
pyff^'T* of a reflecting telescope. Tying up my ri^t eye, 
. viewed this luminous oisc with mj Idt eye through a tube, 
■d when the retina was highly excited, I turned my left eye 
a white ground, and observed the following spectra by al- 
onately openmg and shutting it: — 

Hne tM Witt left cj« opn. SpecCM witb left ty ehirt. 

1. Fink sarroonded with green. Green. 

3. Orange mixed with pink. Blue. 

3. YeUmrish brown. BIoiBh pink. 

4 YeUow. 

& Pore red. Sky blue 

6L Orange. Indigo. 

Upon uncovering mv right eye, and turning it to a white 
ipaaoAf I was surprised to observe that it also gave a colored 
ipectnmiy exactly the reverse of the first spectrum, which 
m pink with a green border. The reverse spectrum was a 
neea with a pinkish border. This experiment was repeated 
nree times, and always with the same result; so that it would 
i|ipear that the impressicm of the solar image was conveyed 

3r the aplic nerve from the left to the right eye. Sir Lmac 
ewton suppNoeed that it was his fimcy Uiat transferred the 
maoe from his left to his right eye ; but we are disposed to 
hink that in his experiment no transference took place, be- 
anae the qpectrum which he saw with both eyes was tlio 
ame, whereas in my experiment it was the reverte one. We 
vmiot however speak decidedly on this point, as Sir Isaac 
lid not observe that the spectra with the eye shut were the 
everse of those seen with the eye open. If a spectrum is 
troof^ly fixrmed on one eye, it is a very difiicult matter to de- 
ennme on which eye it is formed, and it would be impossible 
do this if the spectrum was the same' when the eye was 
q[)en and shut 

Tlie phenomena of accidental colors are oflen finely seen 
vhen the eye has not been strongly impressed with any par- 
icular colored object It was long ago observed by M. Meus- 

W2 
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Bier, that when the sun shoae throogh a hole a quarter of an 
inch in diameter in a red curtain, the image of toe Inmiiioos 
spot was green. In like manner, every penon must have ob- 
served in a brightly painted room, illummated by the buDi Ikt 
the parts o£ any white object on which the colored light does 
not fidl, exhibit the complementary colon. In oider to see 
this claJes of phenomena, I have found the following melfaod 
tiie simplest and the best Having liehted two cariQlBB, hodd 
before one of them a piece of colored glftas* soppoee brisfat red, 
and remove the other candle to such a distance that Sie two 
shadows of any body formed upon a |Hece of white paper mav 
bo equally dark In this case one of the shadows mil be rM^ 
and the other green, Witli blue glass, one of them ndll be 
biue^ and the other orange yellow ; the one being invariabty 
the accidental color of the other. The very same eflbet may 
be produced in daylight by two boles in a wmdownahutter; the 
one being covered with a colored gloss, and the other tnms- 
niitting Qie white light of the sl^. Accidental colors may 
also be seen by looking at the image of a candle, or any white 
object seen by reflexion from a plate or sur&ce of colored 
glass sufficiently thin to tlirow back its color from the aecQiid 
surface. In this case the reflected imago will alwmi have 
the complementary color of the glass. The same eflSect may 
be seen in looking at the image oi a candle reflected from the 
water in a blue finger-glass ; the image of the candle is yel- 
lowish : but the c^ct is not so decided in this case^ as the 
retina is not sufficiently impressed with the blue light of the 
glass. 

These phenomena are obviously diflerent from thoae which 
are produced by colored wafers ; because in the present case 
the accidental color is seen by a portion of the retina which 
is not aflected, or deadened as it were, by the primitive color. 
A new theory of accidental colors is tiierefore requisite, to 
embrace this class of facts. 

As m acoustics, where every fundamental sound is actually 
accompanied with its harmonic sound, so in the impreaaraoB of 
light, the sensation of one color is accompanied by a weaker 
sensation of its accidental or harmonic color.* When we look 
at the red wafer, we are at the same time, with the nune por- 
tion of the retina, seeing green; but being much fiuyter, it 
seems only to dilute the red, and make it, as it were, whiter, 
by the combination of the two sensationa When the eye 
looks from the wafer to the white paper, the permanent sen- 

* The term harvumie has been Applied to accidental eolora ; becaaae the 
priinrtiTe and iti accidental color harmonize with each other in patoting. 
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■itian of the accidental odor remains, and we see a green 
image. The duration of the primitive impression is only a 
fracDon of a second, as we have already shown ; bat the dura- 
taoo of the harmonic impression continues fiir a time propor- 
tional to the strength of the impression. In order to i^yply 
these views to the second class of fiicts, we must have re- 
ooorae to another principle ; namely, that when the whole or 
a ffreat part of the retina has the sensation of any primitive 
color, a portion cf the retina protected fnm the impression of 
the color is actually thrown mto that state which gives the 
accidental or harmonic color. By the vibrations probably 
communicated from the surrounding portions, the influence of 
the direct or primitive color is not propac^ated to parts free 
froax its action, exceptinfif in the particuur case of oblique 
visian formerly mentioned. When the eye, therefiNre, looks 
at the white spot of solar light seen in the middle of the red 
light of the curtain, the whole of the retina, except the por- 
tiai occupied by the image of the white spot, is in the state 
of seeing every thing green; and as the vibraticms which 
constitute this state spread over the portions of the retina 
npoQ which no red light &lls, it will, of course, see the white 
circular spot green. 

(177.) A very remarkable phenomenon of accidental colors, 
in which the eye is not excited by any primitive color, was 
observed hj Mr. Smith, sui^con in Fochabers. If we hold a 
narrow strip of white paper vertically, about a foot from the 
eye, and fix both eyes upon an obiect at some distance beyond 
it, then if we allow the lis^ht of the sun, or the light of a can- 
dle, to act strongly upon me right eye, without afiecting the 
left, which may be easily protected from its influence, the left 
hand strip of paper will be seen of a bright green color, and 
the ri^ht hand strip of a red cdor. If the strip of paper is 
sufficiently broad to make the two images overlap each other, 
the overlapping parts will be perfectly white, and free from 
ooikff ; whicn proves that the red and green are complementary. 
When equally luminous candles are held near each eye, the 
two strips of paper will be white. If when the candle is held 
near the right eye, and the strips of paper are seen red and 
greenf then on bringing the candle suddenly to the left eye, 
the left hand image of the paper will gradually change to 
greent and the right hand image to red. 

(178.) A singiuar aflection of the retina, in reference to 
colors, IS ahown in the inability of some eyes to distinguish 
certain colors of the spectrum. The persons who experience 
this defect have their eyes generally in a sound state, and are 
capable of performing all the most delicate functions of vision. 
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Mr. Harris, a shoemaker at Allcnby, was unaUe from his in- 
fancy to distinguish the cherries of a cherry-tree from its 
leaves, in so fiur as color vma concemcd. Two of his brothen 
were equally defective in this respect, and always misliook 
nrange for grass green^ and light green for yeUdw, HairiB 
himself could only distinguish black and white. Mr. Scott, 
who describes his own case in the Philosophical Tninwactimw^ 
mistook piTik for a pale blue^ and a full red for a full gretn. 

All kinds of yellows and blues, except sky blue, Tie could 
discern with great nicety. His father, his maternal uncle, 
one of his sisters, and her two sons, had all the same defect 

A tailor at Plymouth, whose case is described by Mr. 
Harvey, regarded the solar spectrum as consisting only of yri- 
low and light blue ; and he could distinguish with certamty 
only yeUowy white^ and green. He regarded indigo and Prus- 
sian blue as black. 

Mr. BL Tucker describes the colors of the spectrum as ibl- 
lows : — 



Blue Bometimes Pink. 
Indigo ... Purple. 
Violet ... Porpk. 



Red mistaken for Brown. 

Orange .... Green. 

Yellow sometimes Orange. 

Green .... Orange. 

A gentleman in the prime of life, whose case I had occanon 
to examine, saw only two colors in the spectrum, via. ydUnn 
and blue. When the middle of tlio red space was absorbed 
by a blue glass, he saw the black space, with what he called 
the yellow, on each side of it This defect in the perception 
of color was experienced by the late Mr. Dugalu Stewart, 
who could not perceive any diflercnce in tlie color of the scar- 
let fruit of the Siberian crab and that of its leaves. Mr. 
Dalton is unable to distinguish blue from pink by daylight, and 
in the solar spectrum the red is scarcely visible, the rest of it 
appcarinj? to consist of two colors. Mr. Troughton has the 
same defect, and is capable of full^ appreciating only blue and 
ycUow colors ; and when he names colors, the names of Uue 
and yellow correspond to the more and less refrangible rays, 
all those which belong to the former exciting the sensation of 
blueness, and those whicli belong to the latter the scnsaticHiof 
yellowness. 

In almost all these cases, the different prismatic colors have 
the power of exciting the sensation of light, and giving a dis- 
tinct vision of objects, excepting in tlie case of Mr. Daltoo, 
who is said to be scarcely able to see the red extremity of the 
spectrum. 

Mr. Dalton has endeavored to explain this peculiarity of 
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Tiaion by suppoeing that in his own case the vitreous humor is 
Hue, and, uierelbre, absorbs a great pcMtion of tiie red rays 
and other least refrangible rays ; but this q>inion is, we tluiik, 
not well founded. Mr. Herschel attributes this state of vtfion 
to a defect in the sensorium, by which it is rendered incapable 
of anpreciating exactly those dlfierences between rays on 
whidfi their color depends.*" 



PART IV. 



ON OPTICAL INSTRUMENTS. 

All the optical instruments now in use have, with the ex- 
ception of the burning mirrors of Archimedes, been invented 
by nx)dem philosophers and opticians* The principles upon 
which most of them have been constructed have alr^y been 
explained, in the preceding chapters, and we shall therefore 
ocmfine ourselves, as much as possible, to a general account of 
their construction and properties 

CHAP. XXXVII. 

ON PLABTE AND CURVED MIRRORS. 

(179.) One of the simplest optical instruments vs the single 
piUme mirror, or looking-glass, which consists of a plate of 
gtesB with parallel surfaces, one of which is covered with tin- 
foil and quicksilver. The glass performs no other part in this 
kind of plane mirror than t&t of holding and giving a polished 
surface to the thin bright film of metal which is extenoei over 
it If the surfaces of the plate of glass are not parallel, we 
shall see two, three, and four images of all luminous objects 
seen obliquely ; but even when the sur&ces are parallel, two 
images of an object are formed, one reflected from the first 
surrace of glass, and the other from the posterior surface of 
metal ; and the distance of these images will increase with 
the Uuckness of the glass. The image reflected from the 
fflass is, however, very faint compared with the o^er ; so that 
for ordinary purposes a plane glass mirror is sufficiently ac- 
curate ; but when a plane mirror forms a part of an optical 

* For the theory recently advanced by 8ir David Brewster to explain 
these cases, see Note IX. of Am. ed. 
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instrument where accuracy of visim is requiredt it must be 
made of steel, or silver, or of a mixture of oc^iper and tin; 
and in this case it is called a gpecidunL The fbrnuLtioo cf 
images by mirrors and specula has been fully described in 
Chap.n. 

Kaleidoscope, 

(180.) When two plane mirrors are combined in a paitica- 
lar manner, and placed in a particular position relative to an 
object, or series of objects, and the eye, they constitute the 
kaleidoscope, or instrument for creating and e^dubiting 
beautiful forms. If A C, B C, for<example, he sections of two 
plane mirrors, and M N an object placed between them or in 
Fig. 143. front of each, the mirror A C will fenn 

behind it an image m n of the object M N, 
in the manner shown in fig, 16. In like 
manner, the mirror B C wiU form an 
image M' N' behind it But, as we have 
formerly shown, these images may be con- 
sidered as new objects, and therefore the 
mirror A C will form behind it an image, 
M" N", of the object or ima^ M' N*, and 
B C will form behind it an image, m' n', of the object or imafie 
mn. In like manner it will be found that m" n" will be me 
image of the object or image M" N", formed by B C, and of 
the object or image m' n', formed by A C. Hence m" n" will 
actually consist of two images overlapping each other and 
forming one, provided the angle A C B is exactly 60°, or the 
sixth part of a circumference of 360°. In this case all the 
six images (two of the six forming only one, m"n"y) will, 
along with the original object, M N, form a perfect equilateral 
triangle. The object, JVi N, is drawn perpendicular to tiie 
mirror B C, in consequence of which M N and M' N' form 
one straight line ; but if M N is moved, all the images will 
move, and the figure of all the images combined will form 
another figure of perfect regularity, and exhibiting the most 
beautiful variations, all of which may be drawn by the method 
already described. In reference to the multiplication and ar- 
rangement of the images, this is thc^ principle of the kaleido- 
scope ; but the principle of symmetry, which is essential to the 
instrument, depends on the position of the object and the eye. 
This principle will be understood from Jig, 144., where A U E 
and B C E represent the two mirrors inclined at an angle 
A C B, and having C E for their line of junction, or common 
intersection. If the object is placed at a distance, as at M N, 
then tliere is no ix)6ition of the eye at or above E which will 
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give a flymmetrical arrangement of the six images diown in 
fig. 148l ; for the corresponding parts of the one will never 




join the corresponding parts of the other. As the object is 
brougiit nearer and nearer, the svmmetry increases, and is 
most complete when the object M N is quite close to A B C, 
the ends ci the reflectora But even here it will not be per- 
fect, unless the eye is placed as near as possible to £, the line 
of junction ci the reflectors. The following, therefore, are the 
three conditions ci symmetry in the kaleidosccye : — 

1. That the reflectors should be placed at an angle which 
is an even or an odd aliquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 
rors ; or an even aliquot part of a circle, when the object is 
irregular. 

2. That out of an infinite number of positicms for the object 
both within and without the reflectors, there is only one posi- 
tion where perfect symmetry can be obtained, namely, by 

e icing the object in contact with the ends ciibe reflectors, or 
tween them. 

d. That out of an infinite number of positions for the tiiua- 
tifm of the eye, there is only one where the symmetry is per- 
fect, namely, as near as possible to the angular poin^ so that 
the whole of the circular field can be distinctly seen ; and this 
punt is the (miy one at which the uniformity of die reflected 
ligfat is eieatest 

In or&r to give variety to the figures formed by the instm- 
ipenty the obj^ts, consistmg of pieces of colored glass, twisted 
gkss of various curvatures, &c., are placed in a narrow cdl 
between two circular pieces ci ^lass, leaving them just room 
to move about, while this cell is turned rcund by the hand. 
The pictures thus presented to the eye are beyond all descrip- 
tion ^endid and beautifbl ; an endless variety of symmetrical 
combinations presenting themselves to view, and never again 
recurring with Hie same form and color. 

For the purpose of extending the power of the instrument, 
and introducii^ into symmetncal pictures external objects, 
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whether anliiiate or inanimate, I applied a convex lens, L L, 
Jig. 144^ by means of which an inverted ima^ of a distant 
object, M N, mav be formed at the very extremity of the mir- 
rors, and diererore brought into a position of greater aym- 
metry than can be effected in any other way. In uiis eoostnic- 
tion the lens is placed in one tube and the reflectoni in an- 
other ; so that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be fbrmed at 
the place of symmetry. In this way, flowers, trees^ ■nitTMl«, 
pictures, busts, may be introduced mto symmetrical oomhini- 
tions. When the distance £ B is less tlian that at which the 
eye sees objects distinctly, it is necessary to place a oonvez 
lens at E, to give distinct vision of the bluects in the pctnre. 
See my IVeatise on the Kaleidoscope. 

Plane burning Mirrors 

(181.) A comlMnation of plane burning mirrors forms a pow- 
erful burning instrument ; and it is highly probable that it wss 
with such a combination that Archimedes destroyed the flhips 
of Marcellus. Athanasius Kircher, who first proved the effi- 
cacy of a union of plane mirrors, went with his pupil ScheiDer 
to Syracuse, to examine the portion of the hostile fleet ; and 
they were both satisfied that the ships of Marcellus could not 
have been more than thirly paces distant from Archimedes. 

Buffim constructed a burning apparatus upon this principle, 
which may be easily explained. If we reflect the li^t of the 
sun upon one cheek by a small piece of plane looking-c^ass, 
we shall experience a sensation of heat less than if the curect 
light of the sun fell upon it If with the other hand we re- 
flect the sun's light upon the same cheek with another piece 
of mirror, the warmth will be increased, and so on, till with 
five or six pieces we can no longer endure the heat Buflbn 
combined 168 pieces of mirror, 6 inches by 8, so that he codU, 
by a little mechanism connected with each, cause them to 
reflect the light of the smi upon one spot Those pieces of 
glass were selected which gave the smallest image df the son 
at 250 feet 

The following were the ef&cts produced by diflferent num- 
bers of these mirrors : — 

Ko. of DMuce of «_^ B«win««i. 

12 20 feet Small combostibleB inflamed. 

21 20 Beech plank burned. 

40 66 Tarred beech plank inflamed. 

45 20 Pewter flask 61b. weight melted. 

58 126 Tarred and sulphured plonk set on fire. 
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KAct prodooed. 

Plank covered with wool set en fire. 
Some thin pieces of silver melted. 
Tarred fir plank set on fire. 
Beech plank solf^ured inflamed violently. 
Tarred plank smoked violently. 

i Chips of fir deal sqlphured and mixed with 
charcoal set on fire. 
Plates of silver meUed. 

As it 18 diflicalt to adjust the mirrors while the sun changes 
his place, M. Peyrard proposes to produce great effects by 
moonting each mirror in a separate frame, carrying a tele- 
Boape^ by means of ^ich one person can direct the reflected 
rajs to the object which is to be burned. He conceives that 
with 500 glasses, about 20 inches in diameter, he could reduce 
a fleet to ashes at the distance of a quarter of a league, and 
with glasses of double that size at the distance of half a 
leajrue. 

Plane glaas mirrors have been combined permanently into a 
parabolic form, for the purpose of burning objects placed in 
the focus of the parabola, by the sun's rays; and the same 
combinatioD has been used, and is still in use, for lighthouse 
reflectors, the light being placed in the focus df the parabola. 

Convex and Concave Mirrors, 

(182.) The general properties of convex and concave miiv 
ran have been already described in Chap. XL Convex mirri^ 
are used principally as household ornaments, and are charac- 
terized 1^ their property of forming erect and diminished 
images of all objects placed before them, and these images ap- 
pear to be situated behind the minor. 

Concave minora are distinguished by their property of 
finning in fixmt of them, and in the air, inverted images of 
erect objects, or erect images of inverted objects, placed at 
some distance beyond their principal focus. If a fine trans- 
parent cl(md of blue smoke is raised, by means of a chafing- 
didi, anmnd the focus of a large concave minor, the ima^ of 
any highly illummated object will be deiacted, in the middle 
of it, with great beauty. A skull concealed fiNHn the observer 
is sometimes used, to surprise the ignorant; and when a dish 
of fruit has been depicted in a similar manner, a spectator, 
stretching out his hand to seize it, is met with the image of a 
drawn digger, which has been quickly substituted for the fruit 
at the other conjugate focus of the mirror 

X 
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Concave mirrors have been used as lighthouse reflecting 
and as burning instruments. When used m liefathooBes^ thsf 
are formed of plates of copper plated with suver, and tbn 
are hammered mto a parabolic rorm, and then polished wito 
the hand. A lamp placed in the focus of the paraboila inD 
have its diverfirent light thrown, after reflexion, into somc^hi^g 
like a parallefbeam, which will retain its intensity at a great 
distance. 

When concave mirrors are used for burning, ther are gene- 
rally made spherical, and regularly ground ud polished open 
a tool, like the specula used in telescopes. The most cde- 
brated of these were made by M. Villele, of Lyons, who eze^ 
cnted ^ve large ones. One of the best .of them, which ooo- 
sisted of copper and tin, was very nearly four feet in diameter, 
and its focal length thirty-eight mches. It melted a piece of 
Pompey*s pillar in fifty seconds, a silver sixpence m seven 
seconds and a half, a halfpenny in sixteen seconds, castriroo 
in sixteen seconds, slate in three seconds, and thin tile in Ibar 
seconds. 

Cylindrical Mirrors 

(183.) All objects seen by reflexion in a cylindrical minw 
are necessarily distorted. If an oteerver looks into ancfa a 
mirror with its axis standing vertically, he will see the image 
of his head of the same length as the original, because tSe 
sur&ce of the mirror is a straight line in a vertical directioa. 
The breadth of the face will hs greatly contracted in a hon- 
zq^tal direction, because the surface is very convex in that 
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directkm, and in intennediate directions the head will have 
itttennediate breadths. If the axis of the nurror is held hori- 
vntelly» the &ce will be as broad as life, and exceedingly 
dbort If a picture or portrait M N is laid down horizontfalv 
befxre the mirror A B,fg. 145., the reflected image of it will 
be hi^y distorted ; but the picture may be drawn distorted 
•ceodraing to regular laws, so that its image shall have the 
most correct proportions. 

Cylindrical mirrors, which are now very uncommon, used 
to be made for this purpose, and were accompanied with a 
leries of distorted figures, which, when seen by the eye, have 
Dotber shape nor meaning, but when laid down before a cylin- 
drical mirror, the reflected image of them has the most per- 
ftct pxyportJons. This e^ct is shown in fg, 145., where 
MN H a distorted figure, whose image in the mirror A B has 
Ae iqipeaiance of a regular portrait 



CHAP, xxxvm. 

ON fllNOLE AND COMPOUND LENSES 

Specttaoles and reading glasses are among the simplest and 
most 081^ of optical instrumenta In order to enable a per- 
m who has imperfect vision to see small objects distinctly, 
when they are not far from the eye, such as small manuscript, 
or small type, a convex lens of very short focus must be used 
both by those who are long and short sighted. 

When a shortHsighted person, who cannot see well at a dis- 
tance, wishes to have distinct vision at any particular distance, 
he must use a concave lens, whose focal length will be found 
thus, — Multiply the distance at which he sees objects most 
distinctly by the distance at which he wishes to see them dis- 
tinctly with a concave lens, and divide this product by the 
diSerence of the above distances. 

A longHsighted person, who cannot see near objects distinctly, 
most use a convex lens, whose focal length is found by the 
preceding rule. 

In choosing spectacles, however, the best way is to select, 
oat of a nunmer, those which are found to answer best the 
purposes for which thev are particularly intended. 

I/r. Wollaston introduced a new kind of spectacles, called 
periscopict from their property of giving a wider field of dis- 
tinct vision than the common ones. The lenses used for this 
purpose, as shown at H and I, Jig, 19., are meniscuses, in 
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which the convexity predominates, for long-dgfated peraou, 
and concavo-canvex lenses, in which the concavity predoni- 
nates, fer short-sighted nersons. Periscopic spectacles de- 
cidedly give more imperrect vision than common spectadeB, 
because liiey increase both the aberration of figure and of 
cdor ; but they may be of use in a crowded city, in wanun; 
us of the oblique approach of objects. 

Burning and Illuminating Lmsea. 

(184.) Convex lenses possess peculiar advantages fer coo 
centratmg the Bun*s rays, and for conveyinc^ to an immeDse 
distance a condensed and parallel beam c^ Tight M. Bii^ 
found that a convex lens, with a long focal lei^[th, was prefe^ 
able to one of a short ibcal length for fusing metak by the 
concentration of the sun*8 rays. A lens, for example, SS 
inches in diameter and 6 inches in focal length, with the di- 
ameter of its focus 8 lines, melted copper in less than a 
minute ; while a small lens 32 lines in diameter, with a fi)cal 
length of 6 lines, and its focus f of a line, was scarcely capa- 
ble of heating copper. 

The most perfect burning lens ever constructed was exe- 
cuted by Mr. Parker, of Fleet Street, at an expense of TDff. 
It was made of flint glass, was throe feet in diameter, and 
weighed 212 pounds. It was 3^ inches thick at the centre; 
the focal distance was 6 feet 8 inches, and the diameter of the 
image of tlie sun in its focus one inch. The rays refracted 
by the lens were received on a second lens, in whose focus the 
objects to be fused were placed. This second lens had an ex- 
posed diameter of 13 inches ; its central thickness was 1 J of 
an inch ; the lengtJi of its focus was 29 inches. The diameter 
of the focal image was \ of an inch. Its weight was 21 
pounds. The combined focal length of tlie two lenses was 5 
feet 3 inches, and tlie diameter of the focal image i an inch. 
By means of this powerful burning lens, platinum, gold, silver, 
copper, tin, quartz, agate, jasper, flint, topaz, garnet, asbestos^ 
&c. were melted in a few seconds. 

Various causes have prevented philosophers from construct- 
ing burning lenses of greater magnitude than that made hj 
Mr. Parker. The impossibility of procuring pure flint gte 
tolerably free from veins and impurities for a large solkl lens; 
the trouble and expense of casting it into a lenticular fonn 
without flaws and impurities ; the great increase of central 
thickness which becomes necessary by increasing the diameter 
of the lens ; the enormous obstruction that is thus opposed to 
the transmission of the solar rays, and the increased a1)e^ 
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ndiich dissipates the raya at the focal point, arc iimupor- 
Ktacles to the coDstruction of feolid Jcnaes of aiiy cm^ 
Je size. 

l) In order to improve a solid Jens fonn«^ of ono piece 
8, whose section i:iAinpBEDA, BaiTim prupiAiorl to 
; all the glass left white in tfie figure, viz. tho portMiUM 
tn mp^fig. 146., an/1 n o, an«l between n o arvl tlio I^tt 
^ hand sur&ce of D £. A lens tliu j fjmuirncUA wn jl/| 
be incamparabiy superior to the t^M tmn AmpH K 
DA; but such a proce&i we c^^nceive to be itn^rtif^- 
[; tkaUe cm a largo scale, Irrxn the extnttie difficulty 

tof pdishing the tw^fsi Am, Bp, C isr, F o, and 
the left hand £ur&ce of IJ £; ^nd even if it were 
piacticahie, the greateiA imperfeciirin^ in the g)M 
■Bvfat happen to <xxfir m the partK which are left 
& order to remore these mtf^rfer^wM, and to 
Z" ecBatmct leoaes oc any tue. f pn^j^e^ m f-^ 1« to 
build them up c€ a&p*rtr^ zoom r.r ra^jix, ^aich // 
vhich rings w^s «g«A to ^ t/xtc^t^A of teynrtf^ 
rti^ ■■ sfaovn ni tbe firjD£ i-renr ^jf ta^ iewi :a At, lf7. 
gas ii eri m poseii cf --n^ '-.^jcni .^jsp- A BC U. ^/jtf^ 
K wach itJ aec^iicn DK. js, /r. llfi- ^/ » »jy.> /.Ti^f 

O E L I '.'xz'^/jc^,x.% \\ K h f. y ;-; 

Jiff. IMu. w; VJMUcCSlCf '^ P^' ^' 

vjeztnrjmitktl %> A C ^^ «•< v^w 

Tie M^-*fiiiflr vjnpfricT^^ -^^^ 

•aesft vynoftfinrt ivl^- v. r'iu«>\ ; 

ja-e .^"^ "-'-^ ''«»»»^' »' ^-'vrAH^ 
•^rta^s. -y inr» finr tt^tubi •■ -» '— j^- 
--site WIT r V'M'rv^ *:irf..,.r -^,3^. 

r:^- "he ■fin^rr:^^ v^rr^-^r.. -,f 
ir 5!*^..^^ r.ir:Txi .rni#^.. -,. 

rnc »•.-«» vf^ •n3^r.> - ? 

hflMidbaHBs: a wu'MtM* '--■ 6n.".-< -'.-^^ .^ 

v.-.-r.-'L.-r .• ,-,- 
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epeedily ezecated as a bumiD^-glaas, and will, no doott t ^ 
the most powerfal ever made. The meaoe of execatiDg k 
have been, to a considerable degrree, supplied bv the scientifie 
liberality of Mr. Swinton and A&. Calder, and o«ber gentlemen 
of Calcatta. 



CHAP. XXXIX. 

ON SIMPLE AND COMPOUND FRIBMI. - 

Prismatic Lenses* 

J 186.) The general properties of the prism in rd&actiDg 
i decomposing ligfht have already been explained; but ks 
application as an optical instrument, or as an important part of 
optical instruments, remains to be described. 

A rectanfifular prism, ABC, Jig, 148., was first applied bjr 
Sir Isaac Newton as a plane mirror for reflecting to a side the 
rays which form the image in reflecting telescopes. The 

Fig.lHd, 




angles, B A C, B C A, being each 45^, and B a right angle, 
rays felling on the fece A B will be reflected by the back sor- 
fece B C as if it were a plane metallic mirror; for whatever 
be the refraction which they sufier at their entrance into the 
face A B, they will suflTer an equal and opposite one at the 
face B C. The great value of such a mirror is, that as the 
incident rays fell upon A C at an angle greater than that at 
which total reflexion commences, they wm dU suffer total re- 
flexUm, and not a ray will be lost ; whereas in the best me- 
tallic speculum nearly half the light is lost A portion of 
light, however, is lost by reflexion at the two sumces Aft 
B C, and a small portion by tlie absorption of the glass itfld£ 
Sir Isaac Newton also proposed the convex prisma shown at 
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D £ F, the feces D P, F E being ground convex. An analo- 
ffoas prisni, called the menitcus prism, and shown at G H T, 
nas been used by M. Chevalier, of* Paris, for the camera ob- 
Bcura. It difiers only from Newton's in the second fece, I H, 
being concave in place of convex. 

On account of the difficult execution of these prisms, I have 
proposed to use a hemispherical lens, L M N, the two convex 
sur&ces of which are ground at the same time. When a 
longer (bcus is required, a concave lens, R Q, of a longer focua 
than the hemis^^ere P R Q, may be placed or cemented on 
its lower sur&ce, and if the concave lens is formed out of a 
substance of a difierent dispersive power, it may be made to 
correct the color of the convex lens. 

A single fniam is used with peculiar advantage &r inverting 
pencils oi li^t, or for obtainuig an erect ima^ from pencils 
that would give an inverted one. Hus effect is shown m Jig, 
149., where A B C is a rectangular prism, and R R' R'' a par- 
allel pencil of light, which, affer being refracted at the points 




1, 2, 3, of the face A B, and reflected at the points a, bt c, of 
the base B C, will be again refracted at the points 1, 2, 3, of 
the face A C, and move on in parallel lines, 3r", 2r', Ir ; the 
ray R I, that was uppermost, being now undermost, as at 1 r. 

Compound and Variable Prisms, 

(187.) The great difficulty of obtaining glass sufficientlv 
pure for a prism of any size, has rendered it extremely diifi- 
cqlt to procure good ones ; and they have therefore not been 
introduced as they would otherwise have been into optical in- 
struments. The principle upon which polyzonal lenses are 
constructed is equally applicable to prisms. A prism con- 
structed like A I>ijig. 150., if properly executed, would have 
exactly the same properties as A B C, and would be incom- 
parably superior to it, from the light passing through such a 
small thickness of glass. It would obviously be difficult to exe- 
cute such a prism as A D out of a smgle piece of glass, though 
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it u qnite ptftcticable ; but then is no difficalU in ot 

nz anill'priHni «U cut ont of ooe pnanwtic rod^ and IkuiCi* 




Mcenarily siiiiilii'. The oummit of the lod ehonld ham t 
fl«t DUTOW &ce puvJlel to its baee, wliicfa wouU be wdj 
done if the priinulic rod were cut cat of b plate of thick ju- 
qjlel giBS. The sep&rate piismB being cemented to «ne n- 
other, u in the figure, will fonn a ampoimd priem, vAiA 
will be superior to the cotamrai prigm Sat ill pnrpaeea in whid 
it acts solely fay re&nctiou. 

(1S8.) A ccmpound prism of « diffizent kind, and bafiiie i 
variable angle, was proposed by Boscorich, as shown in ff. 
151., where ABC is a b«niq)herical cooveic lens, moving n 
a concave lens, DEC, of tbe saine curvstuie. By tniiuv 



^^k - 

m^ 



bees AB,DE,DrAB,CE, may be made (o vaiy from 0' 
above 00°. 

{18ft) As this apparatus is botli troublesome to execute »nd 
difBcolt to use, I have employed an entirely different principle 
for the construction of a variable priEm, aiid have ub«1 it to l 
great extent in numerous experiments on the dispereive paw- 
era of bodies. If we produce a. vertical line of light by ncartj 
closing the window-shutters, and view the line with a flint 
g]a£B prism whose refracting angle is 60°, the edge of Ihe i^ 
fracting angb being held vertical, or parallel to the line pf 
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^1^ the luminocts line will be sedn aa a bristly colored 
peetnim, and any small portion of it will resemhle afanoBt ex- 
ictly the solar spectrum. If we now turn the prism in the 
daiKB of one of its refracting fitces, so that the inclinatioD of 
he edffe to the line of li^t increases gradoally from 0^ up to 
10° when it is perpendicular to the line of light, the spectrum 
fill gradually grow less and less colored, exact^ as if it were 
onned by a prism of a less and less refracting angle, till at an 
Dclination of 00° not a trace of color is left. By this simple 
IIOC6IB, therefore, namely, by using a line of light instead of 
i circular disc, we have produced the very same efl^t as if 
he refracting angle of the prism had b^ varied from 00^ 
knmtoO^. 

(IOOl) Let it now be required to determine the relative dis- 
mnve powers of flint glass and crown glass. Place the 
iiDWii gxiiSB prism so as to produce the larg«(t spectrum from 
he line of white light, and let the refracting angle of the 
iriflin be 40°. Then place the flint glass prism tetween it 
ind the eye, and turn it round, as before described, till it cor- 
ects the color produced by the crown glass prism, or till the 
ine of light is perfectly colorless. The inclination of the 
sdge of the flint glass prism to the line of light beii^ known, 
we can easily find,by a simple formula the angle of a prism 
if flint ^lass which corrects the color of a prism of crown 
^lass with a refracting angle of 40°. See my Treatise on 
New Phtlosophical Instruments^ p. 291. 

Multiplying Glass. 

(101.^ Tliis lens is more amusing than useflil, and is intend- 
ed to give a number of images of the same object Though 
it has the chrcular form of a lens, it is nothing more than a 

Fig.lSSi 
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noinber of prisms farmed by grinding vanons flat frees on the 
coDFez sormce of a plano-convex glu, as diown in jif. Ifift, 
where A B is the section of a multiplying glass in which coif 
three of the planes are seen. A direct image of the dtgect 
C will be seen through the face G H, by the eye at £; m- 
other image will be seen at D, by the refraction of the ftee 
H B, and a third at F, by the refraction of the &ce A G, an 
imaffe beinff seen through eveiy plane fiuse that is cot upon 
the lens. The image at C will be cdorless, and all than 
formed by planes indined to A B will be colored in prnpytwn 
to the anffles which the planes form with A B. 

Naturtu multiplving glasses may be found amcoff tna» 
parent minerals which are crossed with veins oppoaimy cm- 
tallized, even though they are ground into platee with panUel 
&ce& In some specimens of Iceland qpar more than a \mt 
dred finely colored images mav be seen at once. The theoy 
of such multiplying gksses has already been explained in 
Chap. XXIX. 



CHAP. XL. 

ON THE CAlfERA OB8CURA, MAGIC LANTSRNy AND 

CAMERA LVCIDA. 

(192.) The camera obscura, or dark chamber, is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptista Porta. In its original state it is nothing 
more than a dark room with an opening in the window-shutter, 
in which is placed a convex lens of one or more feet local 
length. If a sheet of white paper is held perpendicularly be- 
hind the lens, and passing through its focus, there will be 
painted upon it an accurate picture of all the objects seen 
from the window, in which the trees and clouds will appear to 
move in the wind, and all living objects to display the same 
movements and gestures which they exhibit to the eye. The 
perfect resemblance of this picture to nature astonishes and 
delights every person, however often they may have seen it 
The image is of course inverted, but if we look over the top 
of the paper it will be seen as if it were erect The gronnd 
on which the picture is received should be hollow, and part of 
a sphere whose radius is the fecal distance of the convex leuL 
It IS customary, therefore, to make it of the whitest plaster of 
Paris, with as smooth and accurate a surface as possible. 

In order to exhibit the picture to several spectators at once, 
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and to enable any person to cagsy it, it is desirable that the 
imace flhoold be formed upon a horizontal table. This may 
beckne by means of a metallic ^mimnr, placed at an angle or 
46^ to the rdracted rays, which will reflect the picture upon 
the white ground lying horizcmtally ; or, as in the poitalde 
amen. obtKura, it may be reflected upwards by die mirror, 
and received on the lower side of a plate (Aground glass, with 
its rcHigh side uppermost, upon which the picture may be 
copied with a fine sharp-pointed pencil 

A very convenient portable camera obscura for drawing 
landscapes or olber objects is shown in Jig, 153., where A^ 
ia a meniscus lens, with its concave side uppermost, and the 
jqif, 153, radius of its convex sur&ce being 

to the radius of its concave sur- 
— ^--^I|f ^BLce as 5 to 8, and C D a plane 

nSlW. metallic mculum inclined at an 

^« — ^ABnn uiglo ci 45° to the horiaon, so as 

to reflect the landscape downwards 
through the lens A B. The 
drau^tsman introduces his head 
throiuffa an opening in one side, 
and his hand with the pencil 
through another opening, made in 
such a manner as to aUow no IL^ht 
to &11 upon the picture which is 
exhibited on the paper at E F. 
The tube containing the mirror 
and lens can be turned round by a 
rod within, and the inclination of the mirror changed, so as to 
introduce objects in any part of the horizon. 

When the camera is intended for public exhibition, it ccm- 
■slB of the same parts similarly arranged ; but they are in 
this case placed on the top of a building, and the rotation of 
the mirror, and its motion in a vertical {dane, are efl^ted ly 
turning two rods within the reach of the spectator, so that he 
can inSnoduce any object into the picture fin)m all points of the 
eompasB and at all distances. The picture is received on a 
tabite, whose surfiice is made of stucco, and of the same radius 
as the Icts, and this surfiice is made to rise and fall to accom- 
modate it to the change ci fi)cus produced by objects at dif* 
ferent distances. A camera obscura which throws the image 
down upon a horizontal surfiice may be made withodt anv 
miiror, by using an^ of the lenticular prisms D £ F, G H t 
M L N, when the oqects are eittremehf near, and P R Q^JIg. 
148. The convex surfiuses of these prisms converge the rays 
which are reflected to their fiwus by the flat fiu^es D £2, G H, 
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LN, ukd PQ; these lenticular priMos may lie fbnned by ce- 
menting pluuKMravei or concave lenses on the fmcei A 1^ BC 
of the rectangular prisRi A B C, or the ccmvex lena m^ h 
pUced near to A R 

If we wish to form an erect image on a vertical plane, Uu 
priBn ABC, fi^. 148., may be plaeed in front of t£e coiva 
lens, or immediately behind it The aaine efect might be 
produced by three reflexioDs from l\tte tnirrars or apecnh. 

I have found that a peculiarly brilliant eOect ii giveo to the 
images formed in the camera otieeura when they are rece i Ted 
upon the aUvered back of a loobing-glass, amowied by giin^ 
ing it with a flat and acA hone. \ci the portable camet* ob- 
■cun I find that a film of ekimmed milb, dried npon a plate of 
^affl, is Baperior to ground glass for the reception tX inigfla 

A modificBtion of the camera obeciua, called the m^atOfi, 
is intended for taking magnified drawing! of small oi^eeU 

gieed near the lens. In this case, the distaDce fi the hoage 
hind the lena ia greater than the di^rtce of ttae o^ect be- 
fore it By altering tlic diatoncc of the oinect, tbeaizeof tts 
imase may be reduced or enlai^ed. The hemiaptaOTical leu 
L laN,Jig. 148., is particularly adapted for "^ 



(193.) The magic lantern, 
shown in fig. 164., where L ia a lamp with a powerfill Aljpoil 
burner, placed in a dark lantern. On one aide of the lanteiD 




ia a concave mirror M N, the vertex of which is opponte to 
the centre of the flame, which ia placed in its focus. In the 
opposite side of the lantern ia fixed a tube A B; contuning a 
hemispherical illuminating lena A, and a convex lens B; be- 
tween A and B the diameter of the tube ia increased for tha 
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Mirpoee of illowiog sdiders to be intzodoced through the slit 
b D. These slideni contain 4 or 5 pictureB, each painted and 
highly colored with transparent varnishes, imd, by sliding 
them through C D, any ciuie subjects may be introduced into 
the axis of the tube and between the two lenses A, B. The 
l^rht of the lamp L, increased hy the light rejected from the 
minor &lling upon the lens A, is ooncentmted by it upon the 
picture in the slider ; and this picture, being in one of the 
coDJugate foci of the lens B, an enlarged image of it will be 
paint^ on a white cloth, or on a screen of white paper, E, 
atanding or suspended perpendicularly. The distance of the 
lens B DXHU the object or the slider may be increased or dimin- 
idled by pulling out or pushing in the tube B, so that a distinct 
mcture of the %ject may be formed of any size and at any 
distance from B, within moderate limits. Ir the screen £ F is 
made of fine semi-transparent silver paper, or fine muslin 
properly nrepared, the imace may be distinctly seen by a spec- 
tator on tne other side of tne screen. 

(194.) The fhantaamagoria is nothiog more than a magic 
lantern, in which the ima^ are received on a transparent 
screen, which is fixed in view of the spectator. The magic 
lantern, mounted upon wheels, is made to recede from or ap- 
proach to the screen ; the consequence of which is^ that the 
picture on the screen ejqpands to a gigantic size, or contracts 
mto an invisible object or mere luminous spot The lens B is 
made to recede from the slider in C D when the lantern ap- 
proaches the screen, and to approach to it when the lantern 
recedes from the screen, in oraer that the picture upon the 
screen may always be distinct. This may be accomplished, 
according to Dr. i oung, by jointed rods or levers, connected 
with the screen, which pull out or pmJi in the tube B ; but 
we are ci opinion that the required effect may be much more 
elegantly and efficaciously produced by the simplest piece of 
mechanism connected with the wheels. 

Camera Lucida, 

(195.) This instrument, invented by Dr. Wollaston in 1807, 
has come into venr general use for drawing landsoipes, de- 
lineating objects of natural history, and copying and reducing 
drawings. 

Dr. Wollaston's form of the instrument is shown in fig, 
155., where A B C D is a glass prism, the angle BAD being 
90°, A D C 67*°, and D C B 135°. The rays proceedii^ from 
any object, M N, after being reflected by the fiices D G, C B 
to the eye, E, placed above the angle B, the obenver will see 



I OR omct. 
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angle B^ so that it at the atme time aeea into the priNn wiA 
floe^alftf the puinl, and pad the an^ B with the other klT, 
it will obtain duAinct viaioiiof the imaffefflit, and also KB tiu 
paper and the pomt of the pencil. The drangfatamaa in, 
therefive, only to trace the outline iif the intage upcn the 
paper, the ima^ being' seen with lulf of the pupil, and tlie 
P^ier and pencil with the other half. 

ly persooH have acquired the art (f using tl 
withgr ■■• ■ ^ ■ • 



puierand 



great &cility, while othen have entirely Med. la 
„ the cauaee of thia ftilure, pnrfbsor Amici, of Ho- 
dena, ancceeded in reraofing them, and hea p tmai a ed Tarim 
fimna (d* the mstrmnent &ee from the defecta of Dr. W(du- 
ton'a* The one which M. Amici thinks the beat ia shown in 




I* focnu will be fixud in the WMwft 
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<r. 150., where A BC D is a piece of thick parallel glass, 
FG H G a metallic mirror, whose &ce, F 6, is hij^y poliriH 
ed, and inclined 45° to B C. Rays &om an (^ect, M N, after 
paannff through the bIobb A B C D, are reflected from FG, 
and afterwards from the &ce B C of the glass plate to tiie eve 
at E, hy which the object, M N, is seen at m it, where the 
paper is placed. The pencil and the paper are readily seen 
thioagh the phme glass A B C D. In oroer to make the two 
ftces of the glass, AD, B C, perfectly parallel, M. Amici 
Ibnns a trian^ilar prism of glass, and cuts it through the 
middle; he then joins the two prisms or halves^ A D C, C AB, 
so as to form a parallel plate, and by slightly tummg round 
the prisms, he can easily find the position in w\mAk the two 
are perfectly parallel. 



CHAP. XLL 

ON MICROSCOPES. 

• A mcBOfloopE is an optical instrument for magnifying and 
enminuig minute objects. Jansen and Drebell are supposed 
to have separately invented the single microscope, ana Fon- 
tana and Galileo seem to have been the first who constructed 
the instrument in its compound ferm. 

Single Microscope. 

(106.) The single microscope is nothing more than a lens 
or sphere of any transparent substance, in the focus of which 
minute objects are placed. The rays which issue fhxn each 
point of the object are refracted by the lens into parallel rays, 
whidi, entering the eye placed unmediately behmd the lens, 
afibrd distinct vision of the object The magnifying power 
of all such microscopes is equal to the distance at which we 
coold examine the object most distinctly, divided by the focal 
len^fth of the lens or sphere. If this distance is 5 inches, 
which it does not exceed in mxl eyes when they examine mi- 
nute objects, then the magu^ying power of each lens will be 
as fellows : — 

VmiI Iragth ia Umw n^trifyioK ■■pcrldal o^aiiy-i^ 

laeiMa. power. 



5 1 1 

1 5 25 

yV 50 2500 

Tijf 500 250000 
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The linear maffniiyiiiff power is the number of timefl ao 



object is magnifiea in lei^fUi, and the ntperficud WBgaiMag 
power ifi the number of times that it is magnified in suinoe. 
if the object is a small square, then a lens of cue inch facm 
will ma^iify the side of the square 5 times^ and its area or 
surfiuse 25 times. 

The best single microscopes are minute lenses gnxmd and 
polished on a concave tool ; but as the perfect ezecntion of 
these requires coosideraUe skill, small simeres have been often 
constructed as substitutes. Dr. Hooke executed these v^bam 
in the following manner : having drawn out a thin strip of 
window-glass into threads by the flame of a lamp, he held one 
of these threads with its extremity in or near the flame, till it 
ran into a globule. The globule was then cut oflT and placed 
above a small aperture, so that none of the rays which it 
transmitted passed through the part where it was joined to the 
thread of glass. He sometimes ground off the end of the 
thread, and polished that part of the sphere. Father di Tone 
of Naples improved these globules by placing them in small 
cavities in a piece of calcmed tripoli, and remelting them 
with the blowpipe ; the consequence of which was, that they 
assumed a penectly spherical form. Mr. Butterfield executed 
similar spheres bv taking upon the wetted point of a needle 
some finely pounded glass, and melting it by a spirit lamp into 
a globule. If the part next the nee<Se was not melteo, the 
globule was removed from the needle and taken up with the 
wetted needle on its round side, and again presented to the 
flame till it was a perfect sphere. M. Sivright, of Megffetland, 
has made lenses by putting pieces of glass in smalT round 
apertures between the 10th and 20tli of an inch, made in pla- 
tinum leaf. They were then melted by the blowpipe, so that 
the lenses were made and set at the same time. 

Mr. Stephen Gray made globules for microscopes by insert- 
ing drops of water in small apertures. I have made- them m 
the same way with oils and varnishes ; but the finest of all 
single microscopes may be executed by forming minute plano- 
convex lenses upon glass wiUi difierent fiui£. I have also 
formed excellent microscopes by using the spherical crystal- 
line lenses of minnows and other smidl fish, and taking care 
that the axis of the lens is the axis of vision, or that me ob- 
server looks through the lens in the same manner that the fish 
did.* 

The most perfect single microscopes ever executed of solid 
substances are those m^e of the gems, such as garnet^ ruhyy 

See Kdinbvrffh Journal of Science, No. III. p. 98. 
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fSalai oat in my TWoIim on PitfafopAtcaf Jhtlrtoncnl* ; 
nd hro lenaeit ooe of ruby uid motiieT tS synet, were cxe- 
Boled fcc me by Mr. Fetor HiU, optician in £diiibtv(^. Theae 
IwM perftnued sdminbly, ia consequence of their pradncing; 
with aoifltces of inferior cnrvstoie, the eune magnifying 
poimui glon lens; and ihe distinctnesB cf the image was 
~ — ■■■ ! fi their alworbing the extreme blue raya rf the 
u Mr. Pritchard, m London, has carried this Invnch 



tba art to the highest perfection, and baa executed L. 
iqifihire and diamond of great power and perfection of 



When the ditnKSid can be procured perfectly lusnogaieouB 
iitd &ee Ban double refiacti^, it may oe wrou^t into a lens 
of the higfaeat excellence ; but the npidiire, which has double 
nflnetioii, is les fitted Sn this purpose. Gamet is decidedly 
Ab beet material for single lenses, as it has no double re&ac- 
tkn, and ma; be procured, with a little attention, perfectly 
pan and homogeneous. I have now in my possession two 
gniMt microacopcE, executed by Mr. Adie, which &r sorpssa 
•nn adid lens 1 have eeen. Their focal length is between 
Om aOth and the 50th of an inch. Mr. Veitch, of Incbbonny, 
tM likewise executed aoas adnuTahle gamet lenses out <^ a 
Greenknd qieciroeD of that minraal given to me by Sir Charles 



^97.) A ungle microecope, which occurred to n 

]reu«ago,isdM)wnin^r. 157., r "" 

i£ ftMM* a kemtpheTKoi le 



fhxn any object, R, will be refrscted at the first surface A C. 
and, aiur total reflexion at the plane sur&ce B C, will be 
again refiucted at the second surgice A B, and emsi^ is par- 
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kUel diraetiotiB d ef, ex&ctly in the stme mutner m if (kiy 
had not been reflected at the pointH o, 6, e, but bail naed 
thiouefa the other haliT B A'C ofa peiifect E^ibera ABA'C. 
The daytct it R will therefore be magnified in the wms tittii- 
ner, and will be oeen with the ame diatiitetiien u if it M 
been leen through a sphere cS glass A B A' C. Wa ohtaii, 
CDOEequeutl;, by thiB cwitritance, all the ad?aotagsi rf > 
■pherical lens, which we believe never baa been executed b; 
ffrinding. The periwxfic principle, which will praaitt; 
be mentioned, ma; be communicated to this eautptrie Ibk » 
it may be called, by merely grinding off the angles B C, tr 
rough grinding an annular space on the plane surface BC 
The confiiaion arising from Uie oblique refractionB will thns 
be orevented, and the pencils from every part <rf' the object 
will fall Bymmetrically upon the lens, aiid be eymmetriailj 
redacted. 

BeJbre I had thought of this lens, Dr. Wollaston had {rv 

poeed a method of improving lenses, which is shown in j^- 

tig. 1S8. 1^' ^^ inUnluced between two phnb- 

convex lenses tS equal size and radioii,! 

■ plate of metal with a circular aperture equi] 

^/■""U — ^ to Jth of the focal length, and when die 

/^ U N. aperture was well centered, he found tint 

/ m \ the TisiUe field was 20° io diameter. In 

I G j this compound lens the oblique pencils pas, 

\ H / ''''^ ^° central ones, at right angles lothe 

\ ■ / Burface. If we compore Uiis lens with Ik 

^•-Jl,,--^ catoptric one above described, we dial) see 

Kl that the effect which is produced in the one 

case with two spherical and two plane surlacee, all gmmd 

separately, is produced in the other case by one spherii^ anl 

one plane surface. 

(196.) The idea of Dr. Wollaston may, however, be im- 
proved in other ways, by fUlmg up the central aperture nitb 
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• cement of the suna re&adive power u the lenseii or, vhat 
■■ tu better, b^ taking^ « sphere cf glus ai^ giiiidiiig amjr 
tta eqnaterittl paita, so u to limit the centid aperture, u 
ifaiwii in Jig. 159. ; a coOBtructitui which, when executed in 
garnet, and need in boniogeDeons li^t, we conceive to be the 
■oat perfbet cri* lU lenses, eitfaei Sat angle micRMCopea, or tor 
Ibe opject lenaes <£ compound ottea. 

When a aingle inicroecope ia used Sx opaque objects, the 
Ibbb ia idaced within a ccocave Edlver qteculom, wnich con- 



paijva wiuim a ccDcave Buver qiecmnm, wmcn con- 
3a parallel or conver^g rays upon the bee of the ob- 
ject next the eye._ 



CompouTtd MicTOMcopet. 
(199.) When s microscope consiata of two or moi 
' Bpecult, one of which &naB an enlai^ed image of 
hile the reet mafnily tiut image, it la called a a 
ieroteope. The Menses, and the pn»res of the mys 

Buch an instnunent, are ebown in fig: 160., where 



AB ia the object glasa, and G D the eye glaaj. An object, 
rif.iisa. 




H N, placed a little Ikrther &om A B than its principal Sxua, 
will have an enkrged iniHge of itself Ibrmed at m n in an in- 
verted poaitioa If this emarged image ia in the fbciu of an- 
other lena, C D, placed nearer the eye than in the figure, it 
will be a^in magnified, as if m n were an object Thia' mag- 
nilying ^ect of the lena A B ia fiiuod by dividing the distance 
of the image mn from the lens A B by the distance of the 
object tram the same Icoe ; and the magnifying eSect of the 
eye ghiae C D ia found by the rule &r single microacopes; and 
these two numbers being multiplied together, will be the 
magnifying power of the ctHnpound microecope. llius^ if M A 
ia ^th of an mcb, A n, 5 inches, and C n J an inch, (m n beiw 
supposed in the focus of C D,) the effict of the lens A B wiD 
be 20, and that of C D 10, and the whole power 200. A larger 
lena thiia anv of the other two, called the field glass, and 
^owQ at E F, ie generally placed between A B and Uie image 
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m It, for the purjiOBe of enlarging the field of view. It hu 
tiie efibct of ^iminiahing the mn^iifying power of the infltrih 
ment by fonning a smuler image at v «, which ia magnifiod 

by C D. 

The ingenuity of philcaophers and of artists has been neaify 
exhausted in devising the best forms of object glasses Mid of 
eye glasses for the compound microscope. Mr. Coddii)j[tan 
has recommended four lenses to be employed in the eye pHce 
of ccHnpound microscopes, as shown in fy. 16L ; and akif 
with these he uses, as an object glass, the sphere ezcavatsdat 

Fig. 161. 




the equator, as in fig, 150., for the purpose of reducing the 
aberration and dispersion. ** With a sj^ere," says he, '* prop- 
erly cut away at me centre, so as to reduce the aberration and 
dispersion to insensible quantities, which majr be done most 
completely and most easily, as I have found m practice, the 
whole image is perfectly distinct, whatever extent of it he 
taken ; ana the i^ius of curvature of it is no less than the 
focal length, so that the one difficulty is entirely removed, and 
the other at least diminished to one-half Siesides all this, 
another advantage appears in practice to attend this construc- 
tion, which I did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted into the eye, which, having passed without deviation 
through a lens, is bent by the eye, the vision is never firee 
from the colored fringes produced by excentrical di^rsian. 
Now, with the sphere I certainly do not perceive this defect, 
and I therefore conceive that if it were possible to make the 
spherical glass on a very mmute scale, it would be tiie most 
perfect simple microscope, except, perhaps. Dr. Wollaston^s 
doublet * * '*' Now, the sphere has this advantage, that it is 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any re^ 
quired extent, and that, when combined with a proper eye 
piece, it may without difficulty be employed for (»aque ob- 
jects."* The difficulty of making the spherical glass on a 

* CamMdgi TranaaUwns, 1830. 



fwj mmate ackle, which Mr, Coddiiigtcti hare m , 

rtKb i> bgr no meuu itmintiDanlabls, is, 1 ctnomTei etttr^ 
HBsrad I7 nbatilntlng « hemiatdieTe, as dkown in jb. IfilC, 
nd ooBMctmg the apeitiiK ia Uie iHimor than vxeOtxanA. 
Br. Wolheton's nueiaacopio dniblet dnwa injb-. IS!., eo^ 
j^. Kn. UBto of two [datw^tiiTaz tonan m, k, 

with their plane ridee trnned towudt 
the object Theii fecal lengths are aa 
OMS to three, and Amx diatance finn 1^ 
to 1^ iacb, tbs least ccmvex beia^ neali 
the eve. The taibo is B.bout aiz inches 
long, having at its lower end, C D, a cir- 
cular peribratkin aboat A (f an inch in 
diameter; throngh which light radtatliw 
fhxn R is reflected b; a {daoe miner al . 
below it At the apper end of thetnbe 
iaa pUno^mvez lena A B, about | i^'an 
inch fbcua, with ita ^ne Bde next tlw 
obaerver, the dgeet of which ia to Asm 
B distinct imase (tf the circular perfbi^- 
tion, at e, at the distance of about -f^ of 
an bcbfiom AK With tiiis inBtcnnent, 
Dr. WollsBton eaw the finest stris and 
BerratnreB apon the scales of the tefitmn 
and voAira, and upon the acales of a 
gnat B wing. 

^00.) Double and triple aduvmatic 
lenses have been recently much osed fiv 
~'B. the object gla»ea of micFOBCt^es, and 
two or three of them have been 00m- 
bined; bat though they perform welt 
they are very eipeneive, ana by no means 
apeiior to other instruments that are prooerlv ctnatnicted.* 
?ne power of using homogeneous light, iDUeed, renders them 
1 a great measure nnnecesBary , Especially as we can employ 
ither of Mr. HerscheFa double lenses shown in Jlga. 43. and 
4^ which are entirely free fiwn ajdierical aberr^un. One of 
bcsBt fig. 44., has been executed | of an inch fiania, with an 
pntore (^ ^ of an inch ; and Mr. Pritchan!, to whom it be- 
10^ infimns ns that it brings out all Uh test objected and ex- 
ihts opaque ones with fii^ility. 

In ajMying the compound microscope to the examination <^ 
Meets M natural history, I have recommended the immersion 
f the object in a fluid, for the purpose of expanding it and 

• S« EdJBiatrk Jatnal if Mnti. No. VIII. now Hrie*, p. Ml. 
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ming its minote paiti their nroper pontkn and appeumoc 
in oroer to render this method perfect, it is proper Id inwiMUM 
the anterior sur&ce of the object gfaun in the flimae fioid vAJdi 
holde t]M object; and if we use a fluid of greater dii|ienife 
power than the object glaaB, and acconunodata die interior 
8Qrfiu» to the difference of their diapendve powen^ the object 
gkww may be made perfectly achronMttic The eaperiorityof 
each an matrament m viewing animalculae and the mofaeata 
of bodiea noticed by Bfr. Brown, does not require to be pobted 
out 

On Rq/lecHng Microscopes. 

(201.) The simplest c€ all reflecting microscopes is a con- 
cave mirror, in which the ikoe of the Mserver is always mag- 
nified ^Mdien its fecus is more remote than the observer. When 
the mirror is very concave, a small object m n, fig, 14^ will 
have a magnified picture of it formed at M N; and when thif 
I»ctare is viewed by the eye, we have a single reflecting mi- 
croscope, which magnifies as many times as the distance A n 
of the object from the mirror is contained in the distance A M 
of the ima^. 

But i£, mstead of viewing M N with the naked eye, we 
magnify it with a lens, we convert the simple reflectbig mi- 
croscope into a compound reflecting microscope, composed of 
a mirror and a lens. This microscope was first pn^oeed by 
Sir Isaac Newton ; and after being long in disuse nas been re- 
vived in an improved form by Professor Amici of Modena. He 
made use of a concave ellipsoidal reflector, whose fecal dis- 
tance was 2rV inches. The image is formed in the otiier focos 
(^the ellipse, and this miage is magnified by a single or doable 
eye piece, eight inches from the reflector. As it is imprac- 
ticable to illuminate the object m n when situated as in j^. 
14, professor Amici placed it without the tube or below tbe 
line ^N, and introduced it into the speculum A B by reflexion 
from a small plane speculum placed between m n and A B, 
and having its diameter about half that of A R 

Dr. Gormg, to whom microscopes of all kinds owe so many 
improvements, has greatly improved this instrument He nsM 
a small plane speculum lees than ^ of the diameter of the 
concave speculum, and employs the following specula of veiy 
short focal distances : — 



Vocal dMan la \nam. Apcttan la 

1-5 0-6 

1-0 0-3 

0-6 0-3 

0-3 0-3 



Tbat iugemooB utitL Mr. Ctithben, who executed dieae im- 
utnetuentB, ba> mora recently, noder Dr. Qmiiig'a diieetiaiv 
fimriied tnily riliptiral ifiacuu, whoae jetton i« eqael to 
ttnr fi>nl length. Thie he hu done with ^ecnhi naving 
iUI^ Ml «mA ftcne utd half an iiieh weituie, and bhrM ttHlfti 
«r an inch fieiu and tkne MnlA* of an iodi mattm. Dr. 
e eshitaledaaet of loD- 



gitydinal tiaaa on tlie xaleacf the ytrfam inMHitiiwi to ll 
two aota of diegcoal cnea i^eviouthr dNcoverad, and two ma 
«f dii^onl linea on the icake of ue cafalage bottoflr in ad- 
dkka to the loDgituduul coee with the cnaa rtrqw, Eiithetta 



On Tat OtjjeeU. 
(SOS.) Dr. Goring baa tba merit of having introdaoed tfaa 
MB of teat ol^iecti^ cv otjectB wboae textote or markawa re- 
qniied a catam excellenea in the miaaKope to be weuiaen. 
ktm<t Ihate an shown in Ji^. 168L aa giren bj Hr. Ptitc^ 
aid. A ia the wing of the mmelmM, B and C the fanir of the 




iai, ud'D and E the hair of the tooam. The n__ 

cf an dw teat olgecta are thoae in the scalea of die yoAn ai 
the cahtage bnttorflj mentkned above. 

RiJet Jiir mieroKopk Obtertatio iu . 

raOB.) 1. Tbtt eye ahmld be protected ftom all ettnneooa 
ligB^ ud Aonld not receive any <tf the li^ which, jvoeeeda 
Ihmi die iUnmiutinf coiti^ e a eep tiD g what ia tnuumitted 
HaaaA or Tefleeted «in the (dnecL 

S. DeUeate observatiDOB riuHiIa not be made whoi the fluid 
which Inbricatea &e cwnea is in a viscid itate. 

S, Tba best poeilicn for nucroacqucal obBemtioQi ia when 
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tiie observer is lying horiaBootaUv ob his back. Thia ariaes 
fiom the porfeet stabili^ of his kead, and finom iStie equality 
«f the labncaftin|r film of fluid wbich covens the cornea. The 
frarst ciiXL poaitioiw is tbat in which we look downwaida ve^ 
tkally. 

4. If we ataad atvusfat up and look horizontally, puallel 
marking or lines wfll be se^i roost peifecthr whm toeir di- 
tectkln 18 veiticBl ; viz. the direction in Y/ln<m tiie liArimting 
fluid descends ov^ the cornea. 

5. Every part of the object should be exduded, except tkt 
viliich is umfer immediaite dbservation. 

6. The light which illuminates the object should have a 
very small diameter. In the day-time it ehould be a single 
hole in the window-shutter of a darkened room, and at night 
an apertare placed before an Argand lamp. 

7. In all cases, particularlv when high powers are fisBd, 
the natural diameter of tiie iuuminating lijght shoiild be di- 
mmished, and ita intensity increased, fay opt&l con triv aBcea 

6. In every Case of microscopical observatiana,lioittogeneooB 
yellow light, procured finom a monochromatic lamp, slMold be 
employe£ Homogeneous red light may be obtained by colored 
glasses.* 

Soimr Micro8cope, 

(204.) The aditx microscope is nothinff more than a magic 
lantern, the light oi the sun bein^ used instead of that of a 
lamp. The tube A B, fig, 154., is inserted in a hide in the 
windowHihutter, and the sun's light reflected into it by a long 
plane piece of looking-glass, which the observer can turn 
round to keep the light in the tube as the sun moves through 
the heavens. 

Livinff ofajectB, or objects of natural history, are {Jut noon a 
flaas slider, or stuck on the point of a needle, and intzednced 
mto the opening C D, so as to be iUuminatedby the ann*s nya 
concentrated by the lens A. An enlarged and brilliant image 
of the object vfijl then be fimned on tiie screen E F. 

Those who wish to see the various external forms of micro- 
BQopes of all kinds, and the diflferent modes of putting them 
en, are referred to the article Mioroboope, m die E!d mbu r gh 
JBmiifdoptedia, vtd. xlv. p. 215—238. In the latest work (ii 
the microscope, viz. Dr. Goring and Mr. Pritcfaaid^ «• Ifioo- 
aeopiod Blustrations,* London, 1880, the reader wfll Ibid 
much valuable and interesting information. 

* See the article Microscope, Edinburgh EneycloprndUy vol. xiv. p. SB. 
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CHAP. XLIL 

OH SXRAOTIIIO AKD REnjMJTIHO TBLBS0QPB8. 

Astronomical Telescope. 

(20&.) That the telescope was invented in the thirteenth 
centoiy, and perfectly known to Roeer Bacon, and that it was 
naed in England by Leonard and 'HionMur Digves before the 
time of Janaen or Galileo, can scarcely admit of a doubt The 
principle of the redacting telescope, and the method of com- 
puting its magnifying power, have been already explained. 
We shall therefore proceed to describe the diderent forms 
which it successively assumed. 

The astronomiau telescope is represented in Jig, 164. It 
coDfliflCs of two convex lenses A B, C D, ^e former of which 




18 called the obfect glass^ from bein^ next the object M N, and 
the latter the eye glass^ from its bemff next the eye E. The 
object glass is a lens with a long focfu distance; uid the eye 
gun is one of a short focal distance. An inverted image mn 
of any distant object M N is formed in the focus of the c^riect 
([kas A B ; and tnia image is magnified Inr the ejre glass C D, 
in whose anterior focus it is j^aced. By tracing the rays 
thiDogli the two lenses, it will be seen that they enter the eye 
E paralleL If the object M N is near the observer, the imaffe 
m n will be found at a greater distance from A B; and the 
eye glan C D must be dnwn out from A B to obtain distinct 
visiiHi of the image mn. Hence it is usual to fix the object 
ghas A B at the end of a tube longer than its focal distance, 
and to place the eye glass C D in a small tube, called the eye 
tube, which will slide out oC and into^ the larger tube, for the 
purpose of adjusting it to objects at different distances. The 
Hncnifying power o(f this telescope is equal to the focal length 
offle obj^ glass ^vMed by the focal lengtii of the eye glus. 
Tdesccpes of ibis construction were made by Gampani 
Divini and Huygens, of tihe enormous length <£ DiO and 196 
feet; and it was with instruments 12 and 24 feet lonff that 
Huygens discovered tli^ ring and the fourth satellite of Saturn. 

Z 
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In order to vae object glaases of such great focal lenetfaa witb- 
out tibe encmnliruice of tubea^ Haygoia pilaced ue object 
fflaas in a abort tube at the top of a very lon^ pcde^ ao that 
the tube oodd be turned in every poanue directioo upoD a 
ball and socket by means of a string, and broo|^ into the 
same line with another short tube containing the eye glus^ 
which he held in his hand. 

As these telescopes were liable to all the impedectiais 
arising from the aberration of reftan^faility and that ni sphe^ 
ical Sgatef they could not riiow objects distinctlT when the 
aperture of the obfect glass was great ; and on this aceoimt 
their magnifying power was limited. Huygens found that the 
following were the junoper prcqnrtioDs: — 



1ft. 


0*545 inches. 


O-605 


.8 


OM 


1*04 


5 


1-21 


1*38 


10 


1-71 


1-8H 


50 


3-84 


4-!^ 


100 


5-40 


5-95 


120 


5-90 


6-52 



20 

381 

44 

02 

140 

197 

216 

In the astronomical telescope, the object, M N, is always seen 
inverted. 

Terrestrial Telescope. 

(200.^ In order to accommodate this telescope to land ob- 
jects which require to be seen erect, the instrument is cgd- 
structed as in jEe-. 165., which is the same as the preceding 
cue, wkh the adcution of two lenses E F, 6 H, which have the 



jm: 




same focal length as C D, and are placed at distances equal to 
double their common focal length. If the focal lengths are not 
equal, the distance of any two of them must be equal to the 
sum of their focal lengths. In this telescope the progreas of 
the rays is exactly the same as in the astrcaiomioal ooe^ as fkr 
as L, where the two pencils of parallel rays C L, D Lcross in 
the anterior focus L of the second eve glass E F. These rays 
fidlii^ on E F form in its principal focus an erect image, m' n\ 
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idiidiii fleen erect by the third eye ghuM G H, u the xaye 
divetging fion m' and n' in the hem of G H oiter the eye 
in parallel pencils at E'. The niagnifyhiff power of tUs teie- 
eocfie is the same as that of the fermer vmen the eye glasses 
are eqoaL 

CkHilean Telescope. 

(207.) This telescope, which is the one used by Galileo, 
difleiB in nothing from the astronomical telescx^ ezoepdng 
in a 0Q0ca?e eye glass C D, Jig. 166. being sobrtHxited fin: the 
OGDvez one. The concave lens C D is placed between the 




^f» 



image m n and the object glass, so that the image is in the 
principal focus of the omcave lens. The pencHs of rays 
A B It, A B m fall upon C D, converging to its principal &cus, 
and will therefore be refracted into pe^allel lines, wnich will 
enter the eye at E, and ^ve distinct vision of the object The 
macpiifying power of this telescope is found by the same rule 
as Suit for the astronomical telescope : it gives a smaller and 
less agreeable field of view than me astronomical telescope, 
Init it has the advantage of showing the object erect, and of 
giving more distinct vision of it 

Gregorian R^fieciing Tehmsope. 

(206.) Father Zncchius seems to have been the first person 
who magnified objects b^ means of a lens and a concave speo- 
ulom ; Imt there is no evidence that he constructed a reflecting 
telescope with a small roeculum. 

James Gregory was the first who described the construction 
o^ this instrument, but he does not seem to have executed 
one ; and the honor of doing this with his own hands was re- 
served for Sir Isaac Newton. 

The Gregorian telescope is shown in Jig. 167., where A B 
is a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculum should be a 
parabola. For nearer ones it ^uld be an ellipse In whose 
fiirther ibeus is the object, and in whose nearer focus is the 
image ; and in both these cases the speculum would be free 
from ^erical aberration. But, as these curves cannot be 



202 A TBBATISB ON OFTICS. PAST IT* 

Qommtmicated with certainty to specola, optkiaiu are ntisfied 
with giving to them a Correct spherical figure. In front of the 

Wig. 16?. 




large speculum is placed a small concave one, C D, which 
can he moved nearer to and farther fixnn the large speculum 
hv means of the screw W at the side of the tnhe. This spec- 
ulum shoold have its curvature elliptical, though it is gene- 
rally made sf^ericaL An eye-piece consisting of two convex 
lenses, E, F, placed at a distance equal to half the sum of their 
fbcal lengths, is screwed into the tube imraediatelv behind tiie 
great speculum A B, and permanentlv fixed in that positioo. 
If rays M A, N B, issuing nearly parallel from the extremities 
M and N of a distant object, fall upon the speculum A B, they 
will form an inverted image of it at m n, as more distinctly 
shown in fig, 14. 

If this image m n is farther from the small speculum C D 
than its principal focus, an inverted image of it, m' n\ or an 
erect image of the real object, since mn is itself an inverted 
one, will be formed somewhere between E and F, the rays 
passing through the opening in the speculum. This image 
m' n' might have been viewed and magnified by a convex eye 
glass at F, but it is preferable to receive the converging rays 
upon a lens £ called the field glass, which hastens Uieir con- 
vergence, and forms the image of m n in the focus of the lens 
F, by which they are magnified ; or, what is the same thing, 
the pencils diverging from the image m' n' are refracted by F, 
so as to enter the eye parallel, and give distinct vision of the 
image. If the object M N is brought nearer the ^;)eculum 
A B, the image of it, m w, will recede from A B and approach 
to C D ; and, consequently, the other image m! n' in the con- 
jugate focus of C D will recede from its place m' n\ and cease 
to be seen distinctly. In order to restore it to its place m' n\ 
we have only to turn the screw W, so as to remove C D 
farther from A B, and consequently farther from m n, which 
will cause the image m' n' to appear perfectly distinct as be- 
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ftre. The magnifymg power of this telescope may be found 
hj the foUowing rule : — 

Multiply the focal distance of the ^^reat speculoni by the 
distance or the small mirror from the miage next the eve, as 
formed in the anterior focus of the convex eye glass, ana mul? 
t^y also the focal distance of the small speculum by the ftcai 
distance of the eye glass. The quotient arising from dividing 
the former product by the latter will be the ma^iifying power. 

This rule supposes the eye-piece to condst St a single lens. 

The following table, showing the focal lengths, aperfhres, 
powers, and prices of some of Short's telescopes, will exhibit 
the great supericnrity of reflecting telescopes to refracting 



HBthitafhil. 


AfWtonlaiMhM 


i> H igsUyiif powuVa 


rrict tai gulHH* 


1 


3-0 


35 


to 100 


14 


2 


4-5 


90 


300 


35 


3 


63 


100 


400 


75 


4 


7-6 


120 


500 


100 


7 


12-2 


200 


800 


300 


12 


180 


300 


1200 


800 



Ckssegrainian Telescope, 

(209.) The Cassegrainian telescope, proposed bv M. Cas- 
segrain, a Frenchman, differs from the Gregorian only in hav- 
ing its small speculum C D,^^^'. 168., convex instead of con- 
cave. The speculum is therefore placed before the image m n 



Fig.lGd, 




ci the object M N, and an image of M N will be formed at 
m' n' between E i^ F as in the Gregorian instrument The 
advantage of this form is, that the telescope is shorter than 
the Ghr^orian by more than twice the focal length of the 
small speculum; and it is generally admitted that it gives 
more light, and a distincter image, in consequence of the con- 
vex speculum correcting the aberration dT'the concave one. 

Z2 
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Newtonian Telescope. 

(210.) The Newtonian telescope, which maj be regarded 
as an improyement upon the Gregorian one, is represmted is 
Jig. 109., where A B is a concave speculum, and m n the in- 
verted image which it forms of the object from which the rays 





M, N proceed. As it is impossible to introduce the eje into 
the tube to view this image without obstructing the light 
which comes from the object a small plane speculum G D, in- 
clined 45° to the axis of the large speculum, and of an oval 
form, its axes being to one another as 7 to 5, is placed between 
the speculum and tiie image m n, in order to reflect it to a side 
at m' n', so that we can magnify it witli an c^ glass £, which 
causes the rays to enter the eye parallel. The small mirror 
is fixed upon a slender arm, connected with a slide, by which 
the mirror may be made to approach to or recede from the 
large speculum A B, according as the imaffe m n approaches 
to or recedes from it. This a^ustment might also {« efiected 
by moving the eye lens E to or from the small speculum. The 
magnifying power of this telescope is equal to the focal length 
of the great speculum divided by that of the eye glass. 

As about half of tlic light is lost in metallic renexioiis^ Sir 
Isaac Newton proposed to substitute, in place oi the metallic 
speculum, a rectangular prism ABC, Jig. 148., in which Ac 
light suffers total reflexion. For this purpose, however, the 
glass requires to be perfectly colorless and free firom veins, 
and hence such a prism has rarely been used. Sir Isasc 
also proposed to make the two faces of the prism convex, as 
D E F, fig. 148., and by placing it between the image m n 
and the o^ect, he not only erected the image, but was enabled 
to vary the magnifying power of the telescope. The arigioal 
telesc(H)e, constructed by Sir Isaac's own hands, is presoved 
in the library of the Royal Society. 

The following table shows the dimensions oi Newtonian 
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telescopes, which we have computed by taking a fine telescope 
made by Hawksbee as a standard : — 

VMUlBaith of great 



Ponl teii«th of 
tytglmm. 


HacaUytaipoi 


0*129 inches. 


93 


0162 


168 


0168 


214 


0181 


266 


0-200 


360 


0-238 


604 


0-283 


1017 



Aperture of «|iccalnni. 

1 ft 2-23 inches. 

2 3-79 

3 514 

4 6-36 
6 8-64 

12 14-50 

24 24-41 

(211.) On account of the great loss of light in metallic re- 
flexions, which, according to the accurate experiments of Mr. 
R. Potter, amounts to 45 rays in every 100, at an incidence of 
46^'" and the imperfections of reflexion, which even with per- 
fect sur&ces make the rays stray ^ve or six times more than 
the same imperfections in refracting sur&ces, I have proposed 
to construct the Newtonian telescope, as shown in Jig, 170., 
where A B is the concave speculum, m n the image of the 

Figr. 170. 




object M N, and C D an achromatic prism, which refracts the 
imaee m n into an oblique position, so that it can be viewed 
by ue eye at E through a magnifying lens. Nothing more is 
reauired by the prism than to turn the rays as much aside as 
will enable the observer to see the image without obstructing 
tiie rays from the object M N. As the prions of crown and 
flint glass which compose the achromatic prism may be ce- 
mented by a substance of intermediate refractive power, no 
more light will be lost than what is reflected at the two sur- 
fiices* 

In place of setting the small speculum, C D, of the New- 
toiUBn telescope, fig, 169., at 46^, to the incident rays, I have 
popoeed to place it much more obliquely, so as to reflect the 
lamge m n, fig, 170., out of the wa^ of the observer, and no 
flir£er. This would of course require a plane speculum, C D, 

* Edinburgh JoutmU of Science, No. VI., new scries, p. 283. 
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of much greater length ; but the greater oUiqaity of the re- 
flexion would more than compen^e fiir this inconvenience. 
It might be advisable, indeed, to use a small speculum of dark 
glass, of a high refractive power, which at great incideiioeB 
reflects as much light as metals, and whicm is capable of 
being brought to a much finer sur&ce. The fine Bur&cai of 
some crystals, such as ruby silver, oxide of tin, or diamond, 
might be used. 

A Newtonian reflector, without an eye glasst may be made 
by using a reflecting elass prism, with one or both of its sur- 
faces concave, when the prism is placed between the imaee 
m ft and the enaX speculum, so as to reflect the rays paiallel 
to the eye. The magniiying power will be equal to the fbnl 
length of the great speculuin, divided by the radius of the 
concave sur&ce of the prism if both the surftces are coocava^ 
and of equal concavity, or by twice the radius^ if only one 
aur&ce is concave. 

Sir WiUiam HerscheTs Tdescope. 

(212.) The fine Gregorian telescopes executed by Shoit 
were so superior to any other reflectors, that the Newtoniui 
form of the instrument fell into disuse. It was revived, how- 
ever, by Sir W. Herschel, whose labors form the most brilliant 
epoch m optical science. With an ardor never before exhibiN 
ed, he constructed no fewer than 200 seven feet Newtonian 
reflectors, 150 ten teet, and 80 twenty feet in focal length. 
But his zeal did not stop here. Under the munificent jiatrun- 
Rge of George III., he began, in 1785, to construct a telescope 
forty feet long, and on 3ie 27th of August, 1789, the day on 
wliich it was completed, he discovered with it the sixtli satel- 
lite of Saturn. 

The great speculum had a diameter of 49^ inches, but its 
concave surface was only 48 inches. Its thicKness was about 
;^ inches, and its weight when cast was 2118 lbs. Its focal 
len^ was forty feet, and the length of the sheet iron tube 
which contained it was 39 feet 6 inches, and its breadth 4 fbet 
10 inches. By using small convex lenses, Dr. Herschel was 
enabled to apply a power of 6450 to the fixed stars, but a very 
much lower power was in general used. 

In this telescope the ob^rver sat at the mouth of the tube, 
and observed by what is called the front vieWy with his back 
to the object, without using a plane speculum, the eye lens 
being iq)plied directly to magnify the image formed by the 
great speculum. In order to prevent the head, &c. from ob- 
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jtractio^ too much of the incident light, the image was formed 
3ut of ue axis of the speculum, and must, therefore, have 
been slightly distorted. 

Ai the frame of this instrument was exposed to the weather, 
tt had greatly decayed. It was, therdR>re, taken down, and 
mother tejescope, of 20 feet focus, with a speculum 18 inches 
in diameter, was erected in its place, ,in 1822, hy J. F. W. 
Herechel, Esq., with which many important observations have 

Mr, Ramage^s Telescope, 

(SQLd.) Mr. Ramage, of Aberdeen, has constructed various 
Newtonian telescopes, of great lengths and high powers. The 
lai;g(est instrument at present in use in this country, and we 
believe in ESorope, was constructed by him, and erected at the 
Royal Observatory of Greenwich ui 1820. The great specu- 
lom has a focal length of 25 feet, and a diameter m 15 inches. 
The ima^e is formed out of the axis of the speculum, which 
is inclines so as to throw it just to the side of the tube, where 
the observer can view it without obstructinfir the incident rays. 
The tabe is a 12-sided prism of deal, and when the instrument 
is not in use it is lowered into a box, and covered with canvas. 
The aoparatus for moving and directing the telescope is ex< 
tremely simple, and displays much ingenuity. 



CHAP. XLUI. 

ON ACHROMATIC TELESCOPES. 

(214) The principle of the achromatic telescope has been 
briefly explained in Chap. VII., and we have there shown how 
a oofivex lens, combined with a concave lens of a longer focus, 
and having a higher refractive and dispersive power, maj pro- 
daeo refraction without color, and consequently form an unage 
free from the primary prismatic colors. It has been demonstrated 
nnattieroatically, and the reader may convince himself of its 
troth by actually tracing the rays through the lenses, that a 
convex and a concave lens will form an achromatic combina- 
tion, or will give a colorless ima^, when their focal lengths 
are in the same proportion as their dispersive powers. That 
iis^ if the dispersive powers of crown and flint glass are as 0*60 
to 1, or 6 to 10; then an achromatic object glass could be 
formed by combining a convex crown glass lens of 0, or 60, or 
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600 incbea witb a concftve flint glaa lena of 10, or 100, a 
1000 incbM in local length. 

But tbotigb such a combinatioii would bnn an image fiw 
from color, it would not be free from spherical aberntion, whkk 
can only be lemoved by giving a propat pnpootiaa to dw OV- 
vatuTce of the firat and last auiface, or the two outer aurftcM 
of the compound lens. Mr. Herachel has found that a donhla 
otmct glue will be nearly iree fom ahariation, prorided tfai 
radius i£ the exterior sur&ce of the crown lens ne fi-TS, ud 
of the flint 14-20, the focal len^ of the combinatko being 
UmO, and the radii of the interin snr&^es being compntca 
fium theae data by the fimuulc given in elnuentaiy wara cb 
n as to nuke the fiical Tengtha of the two glaMi ia 
the direct ratio of their dispernve poweia. ^lii 
comtuDatica is shown in Jv- 171.) where A B ii 
the convex lens c£ crown gu^ [daced on the oot 
I side towards the object, aiu C D the o 



SQ nearly of the same curvature that they tan ba 
gnwnd on the same tool, and united tivetha' ny> 
cement to prevent the loss of light at uw two ma- 
in the double achromatic object glow cod- 
structed previous to the publication of Jib. Ho- 
Bchel's investigalions, the sur&ce of the concave 
t the eye was, wc believe, always con- 
Triple achromatic object glssses consist of three lenses A B, 
f^, 1P2. C D, E F, ^. 172., A B and E F being convfa 
. _ _ lenses of crown glass, and C D a double concave 
lens of flint glass. 

The object of using three lertses was to ob 

lain a belter crarection of the spherical abam- 

\ tion ; but the greater complexity of their otn- 

structioQ, the greater risk of imperfect centwiiif, 

I or (rf' the axes of the three lenses not being n 

: straig^ line, together with the ka ti 

I light at six sur&ces, liave been considetcd « 

I more tlian compensating their advantage* ; and 

they have accordingly Silea into disuse. 

The following were the radii of two lri|ik 
achromatic object glases, as caoatmcted tf 
DoUoid:— 



B n £ 
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A B, or first Crown Lens. 

mar ouiot glais. siooifD omcr olam. 

Badti cf fint Mirftqe, . . . 28 indiM 98 

— - Moond ■urfiuie, --40 956 

C D, or Flint Lens. 

ladii of first furfiuK, . - - 20-9 5U*1 

aeoQiid rarfiioe, - - 28 8fi-75 

E F, or seoond Crown Lens. 

Sadii of first sarfkce, . - - 28-4. 28 

seoond sqrfiuie, - - 28*4 28 

Fooal length of the compound 

Ima, 46 inches 4&3 

In ooaeeqnence of the great difllculty of obtainiiig flint 
|dHB fiee firam veins and imperfectioDi^ the largest achromatic 
oqect glaans conBtmcted in England did not greatly exceed 
4 or 5 iocfaea in diameter. The neglect into which this im- 
pQrtBnt branch of our national manufactures was allowed to 
mil hj the ignorance and supineness of the British government, 
Bthniuated lireigners to rival us in the manufiicture of achro- 
matic telescopes. M. Guinand c^ Brenetz, in Switzerland, 
and M. Fraunhcfer, of Munich, successively devoted their 
minds to the subject of making large lenses cf flintglass, and 
both of them succeeded. Before his death, M. Fraunhofer 
executed two telescopes with achromatic object glasses of 9^ 
inches, and 12 inches in diameter; and he infiimed me that 
he woold ondertake to execute one 18 inches in diameter. 



The first of these object glasses was for the magnificent achro 

lescQoe cxdered hj ' 
servatory at I)orpat T%e object glass was a double one, and 



imtkiUim^aai,^l,tbBimga«taBjSi>,fhtibB<i^ 



iti ftcal length was 25 foet; it was mounted on a metallic 
■taml which weighed 5000 Russian pounds. The telescope 
mM be moved ^ the aligfitest foice m any direction, all the 
oMirafalA pirto being bahuKed by counter weigfata. It had four 
ayerissooui the lowest of which magnified 175^ and the high- 
oit TO) timea Its nriee was 18002.9 but it was liberally given 
aft prime cost, or 0602. The object glassy 12 indies in diameter, 
WM mMle for the lane of Bavaria, at the price of 27202. ; but 
aa it was not perfectfy oomfdete at the tune of Frannhofor's 
deiulliy we do not know that it is at present in use. In the 
kmde of that able observer, Profomxr Strove, the telescope of 
Dorpat has already made many important discoveries in as- 
tranomy. 
A Firench optician, we believe, M. Lerebours, has more 
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recently executed two achromatic object glasBes of glass made 
by Guinand. One of them is nearly 12 inches in diameter, 
and another above 13 inches. The first of these olyjectj|fa8R8 
was mounted as a telescope at the Royal Observatory ofnriB; 
and the French government had expended 5001. in the pur- 
chase of a stand tor it, but had not the liberality to purcoue 
the dbrject glass, itself Sur James South, our liberal and active 
countryman, saw the value of the two object glasseSi and ac- 
quired them for his observatcny at Kensington. 



ON ACHROMATIC EYEPIECEB. 

(215.) Achromatic eyepieces when one lens oiily is wanted, 
may be ccmipoeed of two or three lenses exacUy on the same 
principles as object glasses. Such eyepieces, however, are 
never used, because the color can be corrected in a superior 
manner, by a proper arrangement of single lenses of the aune 
kind of glass. This arrangement is shown in Jig. 173., where 
A B and C D are two plano-convex lenses, A B neing the one 

Fig, 173. 



--— ,>.r 




next the pbject glass, and C D the one next the eye^ a ray of 
white light R A, (mx^eeding from the achromatic c3bject gkas, 
will be refracted by A B at A, so that the red ray A r crosEes 
the axis at r, and the violet ray A v at v. But these rays bein| 
intercepted by the second lens C D at the points m, n, at di^ 
ferent distances from the axis, will sufier d^rent degrees of 
refraction. The red ray mr suffering a greater refiaction 
than the violet one n v, notwithstandmg its infmor r^an- 
gibilit^, so that the two rajrs will emerge parallel from the 
lens C D (and therefore be colorless) as i£own at nt r', m v'. 

When these two lenses are made decrown glass, they must 
be placed at a distance equal to half the sum of their food 
lengths, or, what is more accurate, their distance must be 
eqiml to half the sum of the focal distance, of the eye glasi 
C D, and the distance at which the field glass A B wcmld form 
an ima^e of the object glass of the telescope. This eyepiece 
is called the negative etfejriece. The stop or diaphragm must 
be placed half-way between the two lenses. The focal len^ 
of an equivalent lens, or one that has the same magnifymg 



CHAP. XLIII. ON ACHSOMATIC TSLESC0FE6. 



801 



^.174. 



power as the eyepiece, is equal to twice the product of the 
fecal lengths of the two lenses divided by the sum of the same 
nambers. 

An eyepiece nearly achromatic, called Bamsden^g Eyepiece^ 
and much used in transit instruments and telescopes with mi- 
erometersy is shown in Jig. 174, where A B, C D, are two 

plano-convex lenses with their 
convex sides inwarda They 
have the same focal length, and 
are placed at a distance finmi 
each other, equal to two-thirds 
of the focal length of either. 
The focal length of an equiva^ 
lent lens is equal to three-fourths 
the focal length of either lens. 
The use of this eyepiece is to 
give a flat field, or a distinct view c^a system of wires placed 
at M N. This eyepiece is not quite achromatic, and it might 
be rendered more so by increasing the distance of the lenses ; 
but as this would require the wires at M N to be brought 
nearer A B, any particles of dust or imperfections in the lens 
A B would be seen magnified by the lens C D. 

The erecting achromatic eyepiece now in univerBal use in 
all achromatic telescopes for knd dUects is shown in jUg. 175. 
It consists of four lenses, A, C, D, B, placed as in the figure. 

Fi£, 175. 





Mr. Coddington has shown, that if the focal lengths, reckoning 
from A, are as the numbers S, 4, 4 and S, and the distances 
between them on the same sizale 4, 6, and 5*2, the radii, 
reckoning firan the outer sur&ce of A, should be thus : — 

First sorfiioe 27 9 i , 

Second flurfiu» j J nearly phmo^vex. 

9) 

^ > a iDemscus. 



i 



Q ^ First surfiu» 
} Second Burfiuse 

First sar&oe 
Second sorfiu^ 



-I 



At > nearly plano-convex. 



First surface 1 ^ -iv. vi- 

2A 
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The magnifying power of this eyepiece, as usually made, 
differs little from what would he produced hy using the fint 
or fourth lens alone. I have shown, that the ma^niMig 
power of this eyepiece may he increased or dimimahajl ijy 
varying the distance between C and D, vdiich even in conunoD 
eyepieces of this kind may he done, as A and C are placed in 
one tube A C, and D and B in another tube D B, so that the 
latter can be drawn out of the general tube. In fig, 175., 1 
have shown the eyepiece constructed in this way, and capaUe 
of having its two parts separated by a screw nut E^ and nu^ 
This contrivance for obtaining a variable magnifying power, 
and consequently of separating optically a pair of wires fixed 
before the eye glass, I communicated to Mr. Carey in 1806, 
and had one of the instruments constructed by lu*. Adie in 
1806. It is fullv described in my Treatiwe on PhUoaopkical 
InsMiimentSf and has been more recently brouflHht out as a new 
invention by Dr. Kitchener, under the name or the Pmuratic 
Eye Tube, 

Prism Telescope. 

(216.) In 1812, I showed that colorless refraction may be 
produced by combining two prisms of the same substance, and 
the experiments which led to this result were publudied in my 
Treatise on New PkUosophicdl Instruments in 1818. The 
practical purposes to which this singular principle seemed to 
be applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of a 
Tdruoscope^ for extending or altering the lineal proportions of 
objects. 

If we tal^e a prism, and hold its refracting edge downwards 
and horizontal, so as to see through it one of the penes of glaas 
in a window, there will be found a position, namely, Uiat in 
which the rays enter the prism and emerge from it at equal 
angles, as in^^. 20., where the square pane of glass is or its 
natural size. If we turn the refracting edge towards the 
window, the pane will be extended or mi^fnified in its length 
or vertical direction, while its breadth remains the same. If 
we now take the same prism and hold its refracting edge ver- 
ticaDy, we shall find, by the same process, that the pane t£ 
glass is extended or magnified in breadth. If two such prisms^ 
uierefore, are combined in these positions, so as to magnify the 
same both in length and hreadih, wc have a telescq[»e com- 
posed of two pnsms, but unfortunately the objects are all 
highly fringed with the prismatic colora We may correct 
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these colors in three ways : 1st, We may make the prisms of 
a kind of glass which obstructs all the rays but those of one 
harnqgeneoos color ; or, we may use a piece of the same glass 
to ilMKirb the other rays when two common glass prisms are 
and : 2d, We may use achromatic prisms in place of common 
pruBM : or, dd, what is best of all for common purposes, we 
anyplace other two prisms exactly similar, but in reverse 
pontmis, or they^may oe placed as shown in fig, 176., which 
represents the prism telescope ; AB and AC being two prisms 

Fig. 176. 




of the same kind of glass, and of the same refracting angles, 
with their planes of refraction vertical, and E D, E F, other 
two peifecUy similar prisms, similarly placed, but with their 
planes of refraction horizontal. A ray of light, M a, from an 
object, M, enters the first prism, E F, at a, emerges from the 
■Boond prism, E D, at 6, enters the third prism, A C, at c, 
emerges from the fourth prism, A B, at c^, and enters the eye 
at O. Tlie object, M, is extended or mafirnified horizontally 
fay each of the two prisms, E F, E D, and vertically by each 
of the two prisms, A B, A C ; objects are magnified by look- 
iBffthrocigfa the prisms. 

^Hiis instrument was made in Scotland by the writer of this 
Treatise, imder the name of a Temo9t&pe^ and also by Dr. 
Bhur, before it was proposed or executed 'by Professor Amici 
of Modena. Dr. Bkir's model is now before me, being com- 
poeed of four prisms of plate glass with refracting angles of 
about 15^r It was presented to me two years ago by his son ; 
but as no account <» it was ever published, Mr. Blair could not 
defcormine the date of its construction. 

In OQOStructing this instrument, the perfect equality of the 
four prisms is not necessary. It will be sufficient if A B and 
D £ are equal, and A C and E F, as the color of the one 
nrism can be made to correct that of the other by a change in 
its position. For the same reason it is not necessary that they 
be all made of the same kind of glasa 
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Achromatic Opera Glasses toith Single Lenses. 

^7.) M. d' Alembert has lon^ ago shown that on achnnitie 
tele8cq[ie may he constructed with a single object n^asB and i 
single eye glass of di^rent refractive uid dispersive yu m mk 
To efiect tms, the eye glass must be concave, and be midB of 

SlasB of a much higher dispersive power than that of whidi 
le object glass is made ; but the proposal was quite Utofu 
at the time it was suggested, as substances with a sofficKBt 
difference of dispersive power were not then known. Efen 
now, the principle can be applied only to opera glasses: 

If we use an object glass of very low dispersive power, die 
refraction of the violet rays may be corrected by a concaTe 
eye lens of a high dispersive power, as wiU be seen by tin 
following table. 

madaof madsof 



Crown glass Flint glass 1| 

Water Oil of cassia 2 

Rock crystal Flint glass 2 

Rock crystal Oil of aniseseed 3 

Crown glass Oil of cassia 3 

Rock crystal Oil of cassia 6 

Although all the rays are made to enter the eye parallel in 
these combinations, yet the correction oi color is not satiB- 
&ctory. 

Mr. Barlow^s Achromatic Telescope. 

(218.) In the year 1813 I discovered the remarkable dis- 
persive power of sulphuret of carbon, having found that it 
" exceeds all fluid bodies in refractive power, surpassing even 
flint glass, topaz, and tourmaline ; and that in dispersive power 
it exceeds every fluid substance except oil of cassia, holding 
an intermediate place between phosphorus and balsam of toln. 

* * * Although oil of cassia surpasses the sulphuret of car- 
bon in its power of dispersion, yet, from the yellow color with 
which it is tinged, it is greatly inferior to the latter as an op- 
tical fluid, unless in cases where a very thin concave lens is 
required. The extreme volatility of the sulphuret is undoubt- 
edly a disadvantage ; but as this volatility may be restrained, 
we have no hesitation in considering the svlphuret of carbon 
as a fluid of great value in optical researches, and which 
?nay he of inccdcvlahle service in the construction of optical 
instrnmentsy* This anticipation has been realized by Mr. 

* On the Optical Properties of Biilpliurot of (Carbon, in Edinburgh Trons, 
vol. viii. p. 2K>. Feb. 7. 1814. 
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Bulow, who has employed salphuret of carbon as a sufaBtitute 
ftr flint glass, in correcting the dispersion of the convex lens. 
It had been proposed, and the expeoriment even tried, to place 
die concave lens between the convex one and its ^us, §x the 
pnrpoBe of correcting the dimersicm of the convex lens, with 
a leu of Jess diameter, but Mr. Barlow has the merit of hav- 
hMrfirst carried this into efkct 

The telescope which he has made on this principle, coosistB 
of a siiyle object lens of plate ^lass, 7*6 inches in dear aper« 
lore, with a &cal length of 78 mches. At the distance or 40 
uiches from this lens was placed a concave lens of suli^oret 
of carbon, with a focal length of 50*8 mches, so that parallel 
rays fidlinff on the convex olate lens, and conversing to its 
i»us, woiud, when refincted by the flaid concave lens, have 
their focus at the distance of 104 inches from the fluid lens, 
and 144 inches, or 12 foet, fiom the plate glass lens. The 
fluid is contained between two meniscus cheeks, and a glass 
ring, 80 that the radius of the concave fluid lens is 144 inches 
towards the eve, and 56*4 towards the object len& The fluid 
is pat in at a nigh temperature, and the contraction which it 
riences in codini^ is said to keep every thing perfectly 
. No decomposition of the fluid has yet been observed, 
great secondary spectrum which I found to exist in sul- 
phoret of carbon is approximately corrected by the distance of 
the fluid lens from the object glass ; but we are persuaded that 
it is not free from secondary odor. Mr. Coddington remarks, 
that the general course of an oblique pencil is bent outward 
by the fluid lens, and the violet rajrs more than the red, so as 
to nroduce indistinctness; but we are not aware that this 
derect was observed in the instrument The tube of the tele- 
scope is 11 feet, and the eyepieces one foot ** The telescope,** 
says Mr. Barbw, *' bears a power of 700 on the closest double 
■tars in South's and Herschel's catalogue, although the field 
is not then so bright as I could desire. Venus is beautifully 
white and well denned with a power of 120, but shows some 
oqUnt with 360. Saturn, with the 120 power, is a very bril- 
liant object, the double ring and belts bemg well and satisfkc- 
torily defined, and with the 360 power it is still very fine.** 
Mr. Barlow remarks, also, that the telescope is not so com- 
petent to the opening of the close stars, as it is powerful in 
nringing to light the more minute luminous points. 

Achromatic Solar Telescopes toith single Lenses. 

(219.^ An achromatic telescope for viewing the sun or any 
highly luminous object may be constructed by using a single 

2A2 
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object glass of plate glass ; and by making any one of the eye 
glasses out of a piece of ^loss which transmits only homage 
neous light : or the same Siing may be efiected by a piece d 
plane glass of the same color ; but this introduces me emm 
of other two suHaces. In such a construction it would be 
preferable to absorb all the rays but the red ; and thete are 
various substances by which this may be readilv efibcted. l%e 
object glass of this telescope, though thus rendered monochro- 
matic, will still be liable to spherical aberration. But if tlu 
radii of the lens are properly adjusted, the excess of solar light 
will permit us to diminish the aperture, so as to render the 
spherical aberration almost imperceptible. Such a telescope, 
when made of a great length, would, we are persuadcxi, be 
equal to any instrument that has yet been directed to tlie sun. 
If we could obtain a solid or a fluid which would absorb all 
the other mys of the spectrum but the yeUow, with as little 
loss as there is in red glasses, a telescope of the precedmg 
construction would answer for day objects, and for all the pur- 
poses of astronomy. If the art of giving lenses a hyperbolic 
form shall be brought to perfection, which we have no doubt 
will yet be done, the spherical aberration would disappear; 
and a telescope upon this principle would be the most perfect 
of all instruments. 

Even by using red light only, a great improvement might 
be efiected in the common telescopes for day objects and for 
astronomical purposes. If the red rays, for example, form ,yh 
of white light, we have only to increase the area of the aper- 
ture 10 times to make up completely for this defect of light 
The spherical aberration is, no doubt, greatly increased also : 
but if we consider that, when compared to the aberration of 
color, it is only as 1 to 1200, we can afibrd to increase it in 
order to gain so great an advantage. Common telescopes, 
indeed, may be considerably improved by applying colored 
glasses, which absorb only the extreme rays of the spectrum, 
even though they do not produce an achromatic or homoge- 
neous image. 

These observations arc made for the benefit of those who 
cannot afibrd expensive instruments, but who may yet wish to 
devote themselves to astronomical observations, with the ordi- 
nary instruments which they may happen to possess. 

On the Improvement of imperfectly achromatic Telescopes. 

(220.) There arc many achromatic telescopes of consider- 
able size, in which the flint lens either over corrects or under 
corrects the colors of the crown glass lens. This defect may 
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be easily removed by altering slightly the curvature of one or 
odier of the lenses. But all acluomatic telescopes whatever, 
^en made of crown and flint glass, exhibit the secondary 
cokra, viz. the toine-colored and the green fringes. These 
odora are not very strong ; and in many, if not m all cases, 
we may destroy them by absorption through glasses that will 
not w^iken sreatly the intensity of the light The ^laases 
requisite for £is purpose must be found by actual expenment; 
as the secondary tints, though generally of the colors we have 
mentioned, are vanously comp^ed, according to the nature c^ 
liie glass of which the two lenses are made. 
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APPENDIX OF THE AUTHOR, 

CONTAINING 

TABLES OF REFRACnV£ AND DISPERSIVE POWERS, &c. 

OF DIFFERBNT MEDIA. 



TABLE t 

(Eeflnrad to fiFom INge 30.) 
TkbU of tl^ Refnu:Ui)6 Powers 4if Solid md Ftmd 6^ 



Reateiur artificial 
Oefobedrite .... 

Dnnood 

Nitrite of lead ... 



»549 

»600 

2-439 



FhWHlillWW •.••.....••..■ 

Sulpnur melted 

Zueon 

OIm»— lead 2 parts, flint I 
Ipart i 
Garnet 

Roby 

Glaa»— lead 3 parts, flint } 

1 pert > 

Sap^ire 

Spinelle 

Cinnamon sUme 

Solphuret of carbon 

Oil of cassia 

Balsam of Tolu 

Gnaiacum 

ai of aniseseed 

Qnartz 

Rock salt .' 

Sugar melted 

Canada balsam 



9%S0 
wTSn 
8-148 
1-961 

1-830 

1-615 
1-779 

2038 

1-794 
1-764 
1-759 
1-768 
1-641 
1-628 
1-619 
1-601 
1-548 
1-557 
1-554 
1-549 



AtOmt 1-547 

Plato gIaaB,fiom 1-514 to... l<54d 

GMJf«mdaas,fioml-5S5to.. 1-5M 

OOof doves 1-5IS5 

Bdaamcapivi I-M 

Gtmarabic ...^ l-fi08 

Oaerbeechnat...;«.;i.. 1-000' 

CMoroU 1-400 

Cueptttdl 1-488 

Oil of turpentine 1-495 

OilofoUves 1-470 

Alum 1457 

FIttorSpar 1434 

Sulphuric acid 1434 

Nitricacid 1-410 

Muriatic acid 1-410 

Alcohol 1-372 

Crydite 1-349 

Water 1-336 

Ice 1-309 

Fluids in minerals 1-294 to . 1131 

OUxMheer l-Ul 

Ether expanded to thrice I |.^t«y 

its volume J^A!_ 

Air 1000894 



TaUe of the Refractive Powers of Chuet, 



Index of Raftacfloa. 

Vapor 5f suiphuret ^^li^is^ 

carbon > 

Phosfcenegas 1-001159 

Cyanogen 1-000834 

Chlorine 1000772 

Olefiantgas 1-000678 

SiilphurooB acid 1-000665 

Sulphnretted hydrogen . 1-000644 

Nitrous oxide 1-000503 

Ilydrocyanic acid 1-000451 

Muriatic add 1-000449 



Index 



Carbonic acid 

Carburetted hjrdrogen 

Ammonia 

Carbonic oxide 

Nitrous gas 

Azote 

Atmospheric air 

Oxyffen 

Hydrogen 

Vacuum 



vt lleftmtiuii. 

1000449 
1-000443 
1-000385 
1-000340 
1-000303 
1-000300 
1000294 
1-OO0272 
1-000138 
1-000000 
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TABLE n. 

(Referred to fW>ni Page 31.) 

TUIe ff fke AAfolicfe Rtfractim Prntaert <f BoAm. 






Cryolite 

Fliiori|Mr 

OiygMi •• 

Sulphate of buyte . 
fliilpbiilou acki fM 

Nwooi oi 

Air 

CSufaGoicadd 

Ante 

Chkrine 

'Nitrooi oxide 



SelemtB 
GuliGnic oxide 






Mnrietiic add . 
Solpbiiric add 
CUoareoiis ifiar 
Ahun 



(M>976 

0-3486 
0*9799 
O-88E0 
04495 
04491 
04528 
04537 
04734 
04813 
Mtm 
0'5188 
0-9386 
05887 
05415 
0-5436 
0-5614 
06124 
0«494 

o«no 

06716 



I 



i lata«r 

Nitie 

Rainwater , 

FlintglaB 

Cyanogen 

Sul^jiiuiietted hydmgen. •• . 
Vapor of lulpbimt of 
carbon ••••••..•••.. 

Ammooia ••..••., 

Akohol rectified 

CamphOT 

OliTeoil , 

Amber • ..••...•. 

Ocfohedrite , 

Sulphnret of carbon ... 

Diraaoad , 

Realgar , 

Ambernis 

QUofcania* 

Sulphur 

Fhoephorua ...••, 

(Hydrogen • , 



MOOO 



No.L 

(Referred to firom Page 7S.) 

In order to convey to the reader some idea of the variety of diapenm 
powers which ezirt m solid and fluid bodies, I have given the Ibflowing 
table, selected from a much larger one, founded on observations ii^m 
f made in 1811 and 1812.t 

The first column contains the difference of the indices oi refiiadion 
for the extreme red and violet rays, or the port of the whole reffaction 
to which the dispersion is equal; and the second column contains tl^ 
dispersive power. 

Thble of the Dispersive Powers of Bodies. 

power. tot •K^S«]Sm 

Oilof cassia 0-139 0080 

Sulphur after fusion 0-130 0*149 

Phosphorus 0-128 0*196 

Sulpnuret of carbon 0*115 0077 

BalsamofTolu 0-103 O065 

Balsamof Peru 0K)93 O096 



* See EtUnburgk Journal of Sciaue, No. XX. p. 306. 

t See my Treatise on Jfew Philosophieal Instruments^ p. 31S. 



TAUa or DnpsuiTi powzu. 



OnrfUtMralmoodi 

OUgfKunNwl 


MTO 


oots 

(HMD 

OMB 


BalHUn of Slymi 


(KW 


Oa of cumin 


WM 


MM 

E 
a 

ocn 
oim 

DDK 


























S£S^^:^:E 


(HNM 






OOB 
















MM 










OiM 












Oilof Jumper 


OOB 


DOS 


Canada tabmn 


0046 


(MM 






04M 


gl^TSi;.-;;^ :;";:■. 


B 
































^^'^''^ ::;:;:: 


oSa 


o«u 




















O0«foli«. 


0038 


tSm 


























Mam » 


OOM 


0017 








SmST-frT?.::::::::::::; 


(HOB 


a 






!!S! 
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DiCoriatkM 
oTBatoetlaB 



Gtnet 0034 0018 

Chrynlite 003$ OOB 

CvonMrnglan 0083 0018 

Oflofwine 0038 OOIS 

QIhb of pboiplnnu 0081 0017 

FtaldglaaB 0038 0017 

SiilFhuric add 0031 WH 

OVtftaric acid 0O30 0016 

NUie, least re£ 0O30 "0009 

Bona 0090 0014 

Akdhol 00» OOU 

Sulphate of taaiyta 0039 OOU 

RodLCiystal 0096 0014 

Bona glaas (1 bor. 2 nlex) 0086 0014 

Bhwaapphiie 0086 0081 

Bhiiflhlopa^ OOSS 0016 

Chiysobeiyl 0025 0019 

Bhietopas 0084 0016 

Sulphate of alioiitia 0094 OOIS 

F^OBicacid...: 0097 OOOB 

Fluorspar 0088 0010 

CrjroUte 0088 OOOT 



Na n. 

(Referred to from Page 73.) 

The following taUe contains the results of several ezperimeuts which 
I made in the manner described in pp. 7!8» 73. The bodieiiat the top of 
the taUe have the least action upon green li£ht,aiid thoae at the bottom 
of it the greatest The relative position of same of the siifaBtaoces is 
empirkai ; but, b¥ referring to the original experiments in my Treatue 
on Nod PhUosopmeal Instruments, p. 354., it w^ill be seen whedier or 
not the relative action of any two bodies upon green light has been 
detennined. 

JbUe of TroMparent Bodies, in the order in vohich they exercise the 

least action upon Qreen tight 



Oil of cassia. 

Sulphur. 

Sulphuret of carbon. 

Balaam of Tola. 

Oil of bitter almonds. 

Oil of a(niseseed. 

Oil id cumin. 

Oil of 8as8afra& 

Oil of sweet fennel seeds. 

Oil of doves. 

Canada balsam. 

Oil of turpentine. 

Oilof poppy. 



Oil of sp^umint 
Oil of caraway seeds. 
Oil of nutmeg. 
Oil of peppermint 
Oil of castor. 
Oumconal. 
Diamcma. 
Nitrate of potash. 
Nut oil. 

Balsam of capivi. 
Oil of rhodium. 
Flint glass. 
Zircon. 



TABUt OP AOnOS or XBDU ON OHEEK LlflH' 




OBofolno. . 












wssa. 








OomanUc. 












(^oflxmi. 






SDUHClUa IdD. 



Na m. 

(BafMcd to frmn Pafe SB.) 
7Ut( ef lb IImImh of RtfraOiim if mtral Obumiaad fliadi. 



'°ftli3.°'! '•*" !■«»= I***" '■*»«« I'™™ i™™ nnsw mrais 

'"pnli^ ! lo-» I-IIMU I'lTl^U l-t7W34 l-HSK! i-wir» i-issm itesm 
CrowuQtaa ja-^ i-asai i-rffffij? i-assw; ^'Kboiu i-fisflou i-Sijc^T i'6465ai 
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NOTES 

BY 

THE AMERICAN EDITOR. 



NaL 

(Beferred to from article dSL) 



If lint remark of Mt. Henchel be adiiiitt6d» Ae ooDMiiiieiice msf be 
dmivn IB relation to all &e ample gases, except oxygen, tibat their ab- 
ttlnte refractive powen will be expraased by Ae aquare of tlie index 
of refiactioQ, dimmiahed fay miity: for in them, Ifae specific gmvity is 
directly proportional to tae wei^^ of the atom. Tne same remaifc 
miiee to the vapois of simple braies, and to maiqr co mp o un d gases. 

If the specific giavit^r, and weight of Ae atonirof hydrosen M cdied 
muUr, the specific giavi^ of nitrogen, chlorine, Ste. will oe expraased 
by tne weisht of the atom of ea^: hence th^ square of the index of 
refraction (uminished by unity, will be, by the jproceai directed in article 
32; multiplied and divided by the same quantity. 

llie inflammahle substance hydrogen, instead of piesentinff a hi|rii 
inlriraHc refiractive power, would occupy a low place on the scwe, whue 
cfaloriiie would rank hi^ upon it This consequence was observed by 
Mr. Henchel himself. 

No. n. 

(Referred to from article 66, page 67.) 

Thia remark in relation io the absorptive power of water, though true 
fiir moderate thicknesses, in relation to the colored rays of frie qfieo- 
tmm, apDears, by a recent discovery of Signor Melloni, not to be true 
in regara to die heating rays. An account of the interesting experi- 
ments which have established this fiict, will be more in place, in 
connexion with the article which treats of the heating power of the 
wpectnsm. 

No. in. 

(Referred to from article 66, page 70.) 

This interesting analysis of the solar spectrum, by Sir David Brewster, 
will, probably, have its value to the rrader increased by a brief state- 
ment of the experiments from which the results, aiven in pages 69 and 
70, were deduced. The matter of this note is to^en fix>m a paper, by 
Sir David Brewster, in the Edinburgh Journal of Science lor October, 
1831.* 

1. The first position is that, " red, yetlow^ and Uue light exist at every 
point of the solar spectrum.'* The ejre gives evidence of the existence 
gf red light, in the red, oraiu;e, and violet spaces, whidi, together, con- 
ititute more than half tlie length of the spectrum. If the Uue and 

* And Edinburgh Trans. Vol. XII. Part. L 
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indijpo spaces be transmitted through olive oil, the light beoQDws of a 
violet tint, rendering evident the xedt wevknjsly ezistinff in die blue 
and indigo, by absorbing rays ivhioh han neutralized it In the ycQow 
and grem spaces the existence of red is i»oved by showing ibmt wba$» 
light may be detected in them. 

Ydlow light is recognized by the eye in rather more than one-fiflk 
of Ae lengm of theapaetrmn, namdy in^ie <iraii0B, yellow, and green 
spaces. It may be proved to be present in the blue and indigo apaoes 
oy many experiments, among which is the one already deaoibad, in 
which a violet tint is developed, by passing the spaces thiou|^ clj^ 
€ii : ^ tint absorbed by the oil cannot be red, beomse videt, nddMh 
Uue, is made to appear Iby the transmissiai ; it cannot be bine, ftr bbe 
taken fiom blue will not leave violet ; it is, then, jreUow, which mixed 
with the red and Uue had fiumed white U|^ ai Chia pit of die ^leo- 
tnuB. Farther, the spectrum examined thm^ adeep aloe giasa^skofn 
green in tha blue space, and through a transparent waftr of geiatiBe^ 
produces a whitish bend in the same space. YeUow is ahown lo exist 
m the red apace l^ examining it through ajprism of pest wine, tte rs- 
fiac^mg anf^ of whidi is 90°, and the wbofe of the red apace waiimfs 
a veUowish tint by the absorption of the blue mya, by certain thickheaes 
of pitch, balsam « Peru, &c In the violet space, owiqg to the extreme 
ftcility with whidithat color is abscdbed, axM the eztreme fkinCBea of 
the rays, yellow light has not yet been detected. 

Blue light is perceptible to ue e^ through more tfian two<Aiids of 
the length of me spectnim, that is m the great, bhw, indigo^ and nolst 
spaces. The absorptive powers of pitch, balsam of Pern Ac, Aim 
green lif^t extending considerably within the red qiaoe ; and dm falna 
M ferther proved to oe 8|Nread throughout that space by ibe ydlow tings 
which it assumes, when viewed through the media already alluded ta; 
a tint which could only result from the absorption of blue raya. 

2. White light exists, at every point of the spectrum, and may be in- 
sulated by ab^rbing the excess of the colored rays at any point. 

By a particular tnicknesR of smaltrblue glees, the yellow spece. the 
brightest of the spectrum, becomes CTeenish white, ana, witii a diflcmnt 
blue, rt?ddi8h white. A mixture of red ink and sulplute of copper re- 
duces the yellow space to nearly a white, the tint being sKghtly red 
when the ink is in excess, and green when there is too much of Ihs 
solution of sulphate of copper. By particular methoch^ not deacribed. 
Sir David Brewster states that he has succeeded in insulating white 
light in botii the orange and green spaces. 

The curious property possessed by this white light of not being de- 
f*«mpo6able by refraction, is a powerfiil support of the new theory of 
the spectrum. 

By a principle of absorption applied to the heatu^ rays of the solar 
spectrum, and which will be described in a subsequent note, the ezist- 
ence of a spectrum of heating rays, exceeding in length the three cokmd 
spectra, is proved, Inringing a new analogy to bear upon diis quertion. 

No. IV. 

(Referred to from article 71, page 83.) 

Comparative experiments on the heat in difierent parts of die sotar 
spectrum, require the most delicate instruments. The new fanndi of 
science, tiiermo-magnetism, furnished Signor Melloni with a much more 
sensible means of measuring temperature than the commcxi thermoo* 
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•tec, dddbIv. by the magiMtic cunents devsluped hj heal^ m a tXtUstj 
MU^M—d Of buf of bimuth and intiinDnf . 

^ iIm aid of thi> inMnuDnit, be tbnnd Ihit dig heal Beccai[iD^r{ng 
ftt Tiolat qaca of ilie ■pseinuD, bom a cimvn gtaia prion, wii nM Bt iS 
alMrbsd ly nm waler, while a onall pmtioo of fln heat in Iba indim 
ma alaoriad, a greaHr poitioa of that m Ihebtne, and ao on duiM^ 
Aa eolond ipaon and inla die imiiMe bealisf i^ bsjoDd the apeo- 
■mn. dw eiDeme rafi oT which wen eotirelf ahm'bed. 

!%• nbtiTe i euuM af hmt in ihe » ti ee tiiim ftmwd b^ a crown 
(laH ftte^ wfaidOnwerer, it iniin ba recoUeeled, hai ahaotbed the 
wjW iDiaqna%, n repreeenlsd by ibe annexed diagnmi. in whiefa the 




>,S«^St,Ae,<rf'ibenir , ., 

^.Jtnrai; the tengtfwof ^oFdinataa, and of comae the rahtivs 

dagneaanMAbeingaipnvedbftbenumbeTi written above diemtdiuB 
HwaBaimit rfhaat in die middle of the >]»ce v, the tai4d apace; onnpered 
Milk ifaatin the middle of the MuEipBcei, is aa 3 to 9 ; with the middle 
oftbenrfqaDer.aaSloaS. TbepoimamaibadSS.lS.ib^ beyond the 
cdknd q»M r, ccneapoad lo die banda, in the spectnun, baling le- 
ipentiTchr, die mne lemperaluies aa Ibe midiUe of Uie yellow, M the 
paei^ of the blue, &c By jsanng the >peclnaa through a ihickUFn 
of laM dian a twelfth of an inch oT wrater, cotUained bctweni [italea 
af dite glaa with puallel aatftcn and Gee fiom defecla, Ibe beating 
poi>«B of Ibe aevnal n^a becalBe aa repreaented in Iha knvel onrve; 
wne of die beat aooon^aiiTiiu die viidet layi baling been riaorbed, 

flnfibili^ dimiuiahed, umlB in the band, 8, 0^ having the anw lem- 
ptntiin aa the nolet, all the liealiiK n^ wen alaMbed. DiSenot 
Media atopped the healiiig nm in diSerent degreea. dnae of higher 
■a&active powen pennittiDg them to pan more readily ihan Ihcae of 
lower pomia. 

AhlKiogh this aubject cannot be nnaidered aa faSy developed, we 
an able to imdenluid by it, why Seebeck Ibund Ihe point of greateal 
hcM to my, according to Oie nialerial of tlie pnm uaed lo fgrm ihe 
qnnnm, bemg in Ihe rod vriten a piiam of crown glaaa waa naed, siul 
in die yellow wbm water wai Ibe nfiaeting malenaL MeDoni fcund 
thegreateat beat in the iraiige after paadng the nectnns fanned by 
the ctown ^BB priam Ihnn^ water, aa appean by Ihe diagiaiD, in 
which the grcsteat beat in the red and yellow an SO, and in Ihe omwe 
ii SI. Seebeck fxind the poitic of grenieat beat in Ihe yellow, nhen Ihe 
prim ccailained vrater; a goflicionlly near cuincideitcc wiih ihe ob- 
■anataoD of Ablloni, if we consider ihnC inthe eiperimentsofSoebeck 
■be nya were eipgaed to absorption by ihe (tlaaa fonniiif! Ihe hollow 
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MeUoni to the abBorption by the crown g^as pritra finrt, and fSbm to 
that by two plates of gfauB and the water contained be tw een thaoL 

The power of trammittiiig die hMting raya without a hwi r p to 
being greater as the refiactive power is |;iiater, aoeording to die law 
b^bte refinred to* we diould exoect that in flint glasB the greatest best 
would lie lartbest fiom the violet end of the speclniin;m plate nd 
crown glasm that it dioald be at a less diHance tan diat ena; in sol- 
phnric acid and oil of turpentine stUl less; in alcohol and water yH 
nearer to the violet end: and these deductionB we find, by eonsoltiiig 
the table on page 88k to be correct Minute diflferenoes, which ooold not 
be detected by the instrumentB used by Seebedi and others, in die poinls 
of neatest heat as given by that table, will probably hereaAer appear. 

The experiments discussed in this note authcHize the addition of a 
fourth spectrum to the three colored spectra represented in fg. bU 
namelv, a heating spectrum containing rays whicn are leas refiangibie 
dian tbe extreme red rays of the spectrum. 



No. V. 

(Beferred to from page llfi.) 

The undulatory hypothesis represents in so simple a manner the phe* 
nomena to which Dr. Young apjplied his principle of inti»fotenoe^Jhrt 
I have been induced to refer to it here, with a view to a gensfal eipla* 
nation of die hypodiesis. The reader wOl be better satiified if he iri» 
up the snlpect, as briefly referred to in the 84th article of the lexl, b^' 
fore entenng upon die account to be given in diis mole. As sIMed ia 
that article, me hypothesis of undulations supposes all space, the planet* 
ary spaces as well as the interstices between the particleB of oodies, 
to be occufMed by^ an elastic medium, or ether, which is ]Mit in a slate 
of vibratory motion by luminous bodies, and in which impulses aie 
ptipagated according to the same mechanical laws, as the impubes 
which, communicated to air, produce sound. 

If we suppose a luminous point surrounded by diis elastic medium, 
the particles immediately about the point have a vibratmry motion im- 
preyed upon them, or a motion to and fro ; this diey communicate to 
the adjacent particles, and thus a wave is formed, wmch spreads dbmit 
the pomt as a centre, just as the waves formed by a stone, thrown into 
still water, spread around the point at which the stone struck dw sur* 
face. As these waves would communicate to a floating body which they 
might meet, an impulse in a direction radiating from the point whne 
they originated, so luminous waves striking the retins, give the sensa- 
tion of light in a similar direction. 

In the annexed diagram, let A B, No. 1 , represent one of the directiom 
in which die impulse siven by a luminous body, is propagated ; we shall 
And, according to the n3rpothesi8, along that line particles of die elastic 
medium, or ether, having all rates of motion, fiiom rest, or when die mo- 
ti<m is nothing, to the greatest rapiditjr of the vibraticm ; and in the two 
opposite directions, from A towards B, and from B towards A. For exannpie, 
let the particles at A, D, and C, be at rest, then if from A to D wc mid 
particles moving towards B, their velocities, or rates of motion, will be 
found increasing between A and a', mid-ivay from A to D, and Ihm de- 
creasing between a! and D ; between D and the vibratioii will be in the 
contrary direction, namely, from B towards A ; and the velocities after 
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iB CiW M i g toy, wflldiminiahtoC. The distance beti;yeenAaiidCi^ 
■n TolociaM fiom ootfiiiig to ^e greatest, and in the two opposite direo- 
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tians A B and B A ; the same would foe true of C B, if made equal to A C I 
this diatBiice A C, or C B, is called the length of a WBve, and it is this whidi 
in red light is 2S6 ten millionths, and m violet light 174 ten miHimths, 
of an inch (see page 119, text.) To represent to the eve the telocitiea 
of tlie diflferent particles of ether between A and D, the curve A a D 
is described, in which the ordinates, or lines in the same direction as 
tfm, r ep resent these velocitieB, as, for exmnple, o'a the velocity at «'; 
the particles between D and C vibrating in a co ntw r y direction, the 
carve D6C, representing their velocities, is traced on tiie side of the 
Ime A B opposite to A a D. In the same way the velocities between C 
and E, ana oetween E and B, are shown by similar curves, on opposite 
sides of A B. Let No. 2. represent a system of waves in which the 
lengths M P and P O are equal to A D and D C, and lei the motion 
between M and P coincide in direction with that between A and D, the 
carves of velocities Af m P and A a D coincidii^, and the motion be- 
tween P and O with that between D and C, the curves P/> C and D ft C 
ooincidinf; then it is {dain that the motion of the particles between O Q, 
C E, and Q N, E B, dec. will be the same, or that tfie undulations will 
oaocide throughout; one undulation will, therefore, add to the efllbct 
of the other, and the light will be the united light produced by the 
two undulations. The same will be true whether the point M cdncides 
with A, with C, or with B, dec. ; that is, whether the lengths of the paths 
of die two ra3nB A B and M N are exactly equal, or dificr by one, two, or 
moro ondnlanons. If the rays, instead of moviiu; in the same direc^iMi, 
meet under a small ansle, the remarks will stiU apply ; and the ftnt 
rmaH, stated on page fl&, text, is in acconlance with the hypothesis, 
ondflr consideratitin, namely, that bright spots, illuminated bjr me sum 
<Mf iho two lights, will be iormed when the difierences in tne lengths 
of the paths of the ra^, are d, (A C,) 2d, (A B,) 3d, &c. 

Next let the curves described hfi No. 3 rej^snesent the velocities in 
•nodier system of undulations, SV and VUbemg equal to ADand BC 
in No. 1, the particles of the ether between S and V, as shown by the 
curve, being m a state of vibration from T towarfs S, those between V 
and U fiom S towards T, and so on. If the ray S T in No. 3 were biou|^ 
to coincide with A B in No. 1, the point S being placed at A, me 
particles between S and V in No. 3 moving in opposite directions Irom 
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thoK batwMB A andD, and those between V and U in o^pontadine- 
tiona from ibam between D and C, and their v el ociti e a baling WMiwi 
iMlHaL thair noCionB would destroy each other, and die watb wimM !• 
d«ainy«d» or darknesi would result. The pathSTdiffiuafiam ABbv 
the disiapce 8 V, or half an undulation. Theaame wouMbeAenHS 
if Na 3 began one undulation to the left hand of S^ or two or mam mt- 
dolatMiiii. ttiBt is if the paA ST, Na 8, difierad from A a Na I, lif OM 
and a halC two and a half» &c. undulations. As die same rnmeiiiMnr— 
would tbUow, if the ravs ST and A B met under a small ang^wv inftr 
(pace 115, text) that wbea the difieronce in the leiu^ of dM prihn 
ofttetwopencibofiays,ii|d(AD),Ud(AE),^d;Ae,««ii1eidrf 
adding to one another'a intensity, they oestioy eadS other and pradops 
adaikspot" 

No. VL 

(Referred to from page 190.) 

Professor Hare has observed, in relation to the translucency of gold 
leaf;— "Gold leaf transmits a greenish light, but it is questjonsble. 
if it be truly translnoent Placed on glass, and viewed by limiimiltMl 
Kght, it appears like a retina. It is erroneously spoken of aa a oondnnoDB 
superficies.'* The nature of the process by wnich gold ia re d nead tD 
leaves, strBn|[thens this conclusion. 

On examinmg gold leaf by the solar microsrope, I find in it imnmM* 
able rents, and also various ^^adaticHis of thickness; the rents hare 
dieir edges colored, a Uue Ihnge appearing on one side, and a reddidi 
brown on the opposite side; the thickest pails transmit no lidit, and 
duongh the ver^ thin parti a delicatecreenlight is transmittM. Tlie 
snrfiMje thus exhibited ■ very beautiful. The rents are visible to thi 
mked ejre, when the leaf is very strongly illuminated. 

Na VII. 

(Referred to flrom page 337.) 

The following classification of colored bodies is alluded to in the text, 
as given by SirDavid K^DWster, in the life of Newton. Tfao colors of 
eadi of the classes require, in his view, to be explained upon diSereat 
principles. 

1. ** Transparent colored fluids, transparent colored gems, transparent 
colored glasses, colored powders, and the colors of the leaves and floweis 
of^ants." 

"nie colors of these bodies are derived from the absorption of paitiea- 
lar colored rays: dius, water at great depths appears red by trarinnitted 
light, owing to the absorption of the blue ana yellow rays which with 
the red constituted whitd li^t ; certain thicknesses of smalt-blue ^tm 
appear intensely blue by transmitted light, while at greater thicknoMS 
the gkuB appears red. In the case of opaque and colored bodies, as in 
Uie kaves of plants, we are to suppose certain rays to be absorbed by 
the indefinitely thin film through which the rays reflected from m 
sur&ce may be supposed to pass, the fomplementary tint being^ reflected; 
as all the incident fight is not reflected, the transmitted tint will be com- 
plementaiy to the colors absorbed, and thus the body will appear of the 
same color by both reflected and transmitted liglit. Colored (io\\den 
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woold seem not always to belong to Ihis class, since many of diem 
ciimge flirir hues with a change in the size of the partides. 

% ''Oiiidations on metals, colors of liibrador feldspar, colon of pr^^ 
and hfdioilianoas opal and otfier opaksoenoes, die colors of the feathers 
of hbm, of die wings of insects, and of the scales of fidws." 

To dneae die Newtonian die(ny is striody applicable. 

% "8aperficial colon, as diose of motoer-of^peui and striated aor- 



'Opatoseences and ookn in composite crystals having double ze- 
S. "GoUon fiom die absorpdoa of common and polarised li|^ by 



doiibly reftactiTig ciystab.' 
& *'Colon at uie suiiaces of media of deferent dispersiYe pofwen." 
7. "Cokn at the smfeces of media in which die reliectmg fiiroea 

eitflnd to difierent distances, or ibUow diflfanpt laws." 

Na Vra. 

(Referred to from page S51.) 

TOf p hfl eaBphic toy called by its inventor. Dr. BBris, die ftow w afrg pa^ 
«r WBnMMonMr, illiistrates very perfectly die feet of die doiatiaB of 
Basiooi on the retina, 
t OM aide of die card, repreaented hi die diagram, is drawn a chariot 




md. bones, and on the <^pposite side the charioteer; on causing die card 
Id iovdIv* by turning the string C and D between the diumb and fere- 
of each hand, the charioteer aiipeus in die act of driving the 
, as in the figure. It requires mit litde skill to give to the card, 
__ die motion, which shall perfecdy unite die two obiscts on the 
oppomte sides into mie picture, and yet not render it connised by the 
ngUily of the tumin|^. Many amusing illustrations accompany the toy; 
feff.«EBttple, flju^um and Cohimbine are painted upon opposite sides, 
aaibgratnm of the card sae seen to join in a dance: royaUy, strii^ed 
ef Ifei fobei, occupies one side of the card, and the lobes the opposite^ 
Iha robes are donned by a turn : a potter seaC^ at his wheel 
te unfetmed clay, occupies one side of the caid, and an um i 
by an arm on tho reverse; on turning, the um appears grasped^ by 'the 
potter's arm, the foot of the vase being yet unfinisned. 
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Na IX. 

(Referred to from page 361.) 
Refeiringto hb new analysis of the solar 8pectniin« Sir Dvrid 



tar advances the ibUowing hypothesis to acooimt iv oertun dflki 
cases just detailed.* 

*'By means of this analysis we are now able to explain Aa ih^ 
nomenon observed by^dse who are insensible to partieiilBr flon 
(Edin. Joom. Sc. No. JQX. old series. Na IX, new series.) He ««■ 
of such persons are blind to red lidit ; and whan we afartnet aU ms 
TBd rays from a spectrum oonstitutea as alreadyt described, dura w01 be 
left two colors, mus and veBoio, the only odots whidiare l awnuai—J \^ 
ftose who have this delect of vision. To such em, lig^ ■ alwns 
seen in the red space; but this arises l&om the eye oemg 'aoneibla to Be 
yiMow and Hue rays, which are mixed with the red liriit. 

Hence blue lig^twill be seen in the place of the vioief, and agieenidi 
ytUow will appear in the orange and red spaces, or, which is & ■■• 
thing, the spectrum will consist only of the %feOow and the fibis speolni 
The physiological fiict, and the optical princifde, are thereibre m pedact 
accoraance; and while the latter gives a piecise explanation of die 
fiinner, the Irnmer 3rields to the latter a new and an unexpected sup> 
port" 

The details of the cases referred to, fall3r sustain this condinio. 
There are other circumstances connected with them, and with odien 
described in the text, page 260, not unworthy of notice. 

In the sec(»id of the cases described in tne Journal of Science, Na 
XIX, although the individual never (ailed to detect a full blue or a 
full yellow, he seems to have had very imperfect ideas of tlK)se colon 
when presented in a state of mixture ; green, as such, he did not know, 
and when blue was diluted with yellow, forming what to a good e^ 
would appear yellowish green, the blue tint escaped him, and the mu- 
ture appeared yellow. In like manner, his discrimination of yellow, 
when mixed with blue, was very defective ; he called gnus green 
yellow, and jrct yeUowish green appeared to be " yellow with a good 
deal of blue in it." This remark may serve to explain why the same 
white seen at different times, appeared to him to vary in its tint, at ooe 
time being white, at another " white with a dash of^yellow and blue," 
at another " white with yellow and blue in it" When reijuested to 
arrange colors so as to produce the strongest contrasts, he divided them 
into two classes, to one of which he gave the name of 62tie, and to die 
other yellow. In diese contrasts he invariably placed white among the 
blues, and was never perplexed, as in the preceoin^ examinaticms, wlien 
tasking himself as to the precise shades. That white should be ckwed 
by him as blue, appears consistent with the other observatifHis, %x 
being blind to red light the tint of white should be that which araean 
when red is removed from the spectrum or a bluish green, whida tint 
he saw as a blue. 

In examining other cases we shall find reason to be satisfied diat diii 
blindness extends to light of other colors than red, and that in diose 
cases also there is a want of discrimination between shades in mixturei 
of the colors to which the eye is sensible. The Plymouth taikr, vdiose 

* EUnburgk Trans. Vol. XII. Part. I., or Edin, Journal 9f Scienee, No. X 
new series. 

t S«e text, p. 60. 
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Hi described bv Mr. Harvey (see page 260, text), seems not to have 
I entirely bUna to red light, and to have be^i in a measnre blind 
t» bine; thns die nismatic spectrom appeared to consist entirely of 
fifnib and Ugkt Uue ; the red, orange, and yellow raaoes appearing 
«l if nd had been wididrawn fiom them, wnile the nill blue, die in- 
4l[g» and violet were hgkt blue, and daric blue and indigo stufi ap- 
wmnd to be Uadt, and crimson was either Hue or Uadu A dariL tat&ea 
[ b mpuded as hrown, by which, since he was blind to red light, he 
iMft nave meant a shade of Uack, and light green as otange^by 
iri|M» ftr the reason just stated, he meant a variety o£ yellow. The 
IM in both these mixtures escaped his perception. 

Sm extreme case seems to have occurred in die vision of Mr. Hanis, 
if Attonfay, whok aoocnding to the statement of Mr. Hnddart, could 
«lif diitinguiahfiladkfiomtoAtte, or was entirely Uind to colon. 
_Mm amui lo be derired, finr the elucidation of this curious subject, 
more weQ examined cases were en record. The cokm of the 
afibid rigid tests, not to be ibund in coloted stufi; and by 
only, die minutiai of pecDliarities of vision can be satis&o- 
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ADVERTISEMENT. 



The object of the following Appendix is to place in 
the hands of the students of our Coll^^, a text-book 
which will furnish them with some of the analytical 
methods of the most recent writers, upon the elements of 
Optics. 

The work of Sir David Brewster is from the pen of a 
master, and presents, in a popular form, the results which 
have flowed from experiment and from theory, applied to 
the investigation of the different branches of Optics. The 
Appendix merely aims at supplying to the student the 
mode of determining the results given in the text, more 
particularly in what relates to Reflexion and Refraction. 

It may not be amiss to state, that I do not present, to 
the notice of instructers, an untried course, but that most 
of the propositions in the following pages have entered 
into the mathematical portion of the course, taught to 
the Senior Class of the University of Pennsylvanfa. 

The works in which the full development of these 
subjects may be found, and which have been consulted 
in the composition of the Appendix, are Coddington's 
Optics, Coddington on Reflexion and Refraction, Lloyd's 
Treatise on Light and Vision. The more advanced 
student will find the subject treated by the most general 
methods in HerschePs Treatise on Light. 

A. D. BACHE. 

Fhxlabelphu, Marchf 1833. 
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CHAP.L 

KEFLEXION BY SPHERICAL AND PLANE MIRROES* 

(1.) In ooasidieriDg the caaei of reflexion ftomipbericd 
■nr&oee, two diviskns will be made : in the first, the ajoe of th0 
incident pencil will be sappoBod perpendicular to the sorfiioe of the 
mirror, in the second, oUiqne to it; in the first case the pencil is 
termed direetj in the second, Mique, 

0L) Pftor. X 7b deUrmine the farm gwen Ay r^Uxim to • ukatt 
^Kna pencil sf lighi^ frocmaing fnm « Jmiit tn the am efm 
mtrror* 

Cask 1. In Ji^, 8^ p. 18 of the text, let A represent the radiant 
point of a pencil of divergitur rays. Fits ftcas, and C the centre 
of a emeave mirror. Gall AD s=s u, FD 8= «, and CD ss r. The 
of reflexion FMC being eipal to the angle of incidence 
fa y, the line CM bisects the vertical angle of the trianfle AMF: 
whence (Legendre*s Geom., Book III., Art. SOI., or Eucfid, VI. 3.) 

AC I AMi: FC : FM,or 
AC __ FC 

AM FM 

The pencil beinj;^, by snjqpoettion, very small, the point Mis yery 
aetr to A heaoe fir me amiroximate vntoB of AM we may tako 
ADf uid ibr tbtt of FM, FD. The equation just fbond beOMneii 

AC _FC 

' AD FD ' 

Bty the notation adopted above AC ss AD — CD mtu — r, and 
FC tm CD-^FD tss r — ». We have therefiire 

= , or 

u V 

T T 

1 t= 1 , whence 

«... o 

* TbroQf hout the Appendix* the ttudent is supposed to be acquainted 
with tlie corresponding chapters in the body of the work. 
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dividing by r and transposing 

-L 4; JL — ^ rf . .*. .t(a) 

u 9 r 

(3) Case 2. We next proceed to ihB caee in which a cmnergtMg 
pencil ftUt upon a eoneove minor. J^. 10^ /». 20 of the text 

AM, AN repreaenting the twtt ectnme- rays of the penci], oqd- 
lerging to A\ the imaginarj radiant point, MF and IfF are the 
reflected rays. The radioa VM tfaerafere biaeeta the aitfla AMP, 
the outward angle of the trii|n^^'|CF, and (Enc VLX) 

— s 5L 

biifc lor AM and JPV we may aabatitate A'D mi. PD^ Aair ap. 
pfindmate vahiea, whence 

AV _ FC 

A*D FD * 

Using the notation before employed, AlD b «, FD m a^ and 
DC tm r, whence AC v u + r, and FC m r — «; tiia« fahei 
sabatitated in the equation just foond give, 

« -I- r r-^9 



u 


e 


- f yt 


■+i= 


r 

V 


I and 


-;, + :■ 







= — (b) 

r 

(4.) Comparing equation (b) with (a) we find that it differs from 

it only in the sign of — which is positive in (a) and negatife is 

(b) ; both these cases ma^, therefore, be rej^resented by the aamt 
equation, if we agree togive the positive sign to the diatanoe of 
the radiant point for diverging rays, negative for converging rayi; 
that is, if we consider the distance (tc) positive, when the radiant 
point is in front of the mirror, negative when it is behind tho 
mirror. 

I^ then, i. u represents the distance of the radiant point firom the 
mirror, will denote the degree of divergency or convergency 

-" 1 . 

of the incident rays. In like manner, — will represent the caD* 

e 

vergency of the reflected rays. FVom equations (a) and (b) 

— 4. JL -=:_L 

i. u V r 
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where r is a eonBtant quantity ; a result which ma^ be thus ex- 
pressed : the dwergetiey {or conotrgeney) af the incident ray$ to- 
gether wUh the eonvergency cf the reflated ray x» a eonttant 
fiMmlily for the tame mirror. The eurvatore of the mirror is 

meamued by — » the reciprocal of the radius. . 

r ' ■ .■■■.::■.:■ 

gi Casib 3. Diverging rays ieX^ng upon a e&nvex mirror: J^. 12^ 
text* 
T%e line CH. bisects the outward angle d the triangle AMF^ 

viMnoe (£i)Kv VI. A*) 

AC FC ^ 

= I or 

AM FM 

■ulmitutin g their approximate values ftr AM and FBI, 

AC _FC 
AD FD' 

aad by the notation adopted in the cases already considered, 

iL±I = lrz£ . whence 

U 9 

±-±=.-± (0 

u V r 

On comparing this equ ation, in which we have made ^ posi- 

u' 

tire as it correspo n ds to a real radiant, with (a), we perceive that 

1 o . 

tht signs of both -=-. and — arediffisient IVom the figure we 

i: V . T 

that • oonesponds to an imaginary ftcos, and thai the ra. 
is noir behind the mhrror. Eratiaii (a) may, tiMo, be used 
to leiifesent this case if the sign of me ridto be dMnged ; the ze. 
■oitinff negative value of the SKsal distance coriespoads to « ibeus 
IwMnn the mirror. 

(6.) Cask 4 Conwrgsngrays fiJling upon a ebmoex mirror. The 
ftwmila fir this case may be deduced ftom Jig. 19., if BMand 
JB if he made to represent the inoUent, and M^ JTii fte mfleoted 
njM» We should have Iby proceeding as in the last cassv .^ 

FC _ jlO py • ' . 

FM am' 

FO _ AC 

FD AD* 

and rince FDsb»u, F being the imagfaiary radiant point, and 
4X>«*«k ^ bring to ficns; l^»f«-tr, lad ACmr + t^ 
wbeooe 



IS OOHTXZ lCIBB0S8.-««BIinUI. FOBKOIJl. AMBinMI. 

l3J' = L±Z.ar 

tt V 

_J_ + J_=_A (d) 

u V r 

the fint term beinff made neeative to correepond to die eaee of 
OQureffiii^ ftyt. Thie tonoh diffins ftqm (c) in tiie Mf» of 

L , which wae negative in (c), and in that of ^ . n^ %pie 

shows that V in this ktter case corresponds to a real fuBtm, wUk 
in the former — v denoted the diatanee to an imaginary fteni. 

The change of sign in -^ conftrms to the remarks mads ia 

article (4.) 

(7.) Comparing the foor equatiaqs (a) (b) (c) and (d), we per. 
ceive that the formula 

± + ^ = ± (1) 

ft o r 

may be made to include them all, by attributing to «, and r, respec- 
timy, the posittre sign when the radiant point or the centre u ia 



firont €i the mirror, the negative sign when etthff of these jpoiaii 
is bdiind the mirror, and by. considering the positive vahie or • as 
c u nfspmMliB f to a iieus in ftont of the Bttrroiv its a q grth n s vihe 
to one behind it 

(8.) We might have commenced by giving to the student this 
conventional znode of considering the quantities oasd in tiie w- 
alysis, and then have deduced the general equation by reference to 
a iwgle 4isgnun : we have pveftrred in th»oitfael to show hisa that 
te variationa in the atgshraic tk^ns are sot aibitniy, baft xefoind 
by the georafflrtcaji rsMtea cf m quaalities. 

From the llnrmula 

i. + JL = l. (1) 

u V r 

we dednoe the general rule, that the turn tf IJW et i yc i ss* ef tkt 
incident and tv/fseted ftncSt i$ a emut^ni quttntiif* 

(9.) Having obtained an equation (1) eapresslng the relation be- 
tween the distonces of the ra4mt pouit and fecns of a small pendl, 
by means of the radius of the mirror, we shall pnceed to interpret 
it in its amplication to different kinds of mirrors, and under different 
circumstances of the incidoql pencfl. 

* This conveaient term, ezpreseioc, aa the case may be, eith^ diverteacT 
or eoiivergencjr, is ptopoeed and medojr Uojrd in kit TmHse en Ligm aad 
Vision. 
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PkoF. II. Tt d$krminM tkt fonagiMmUm muiU fincSi^ ww^fk by 
reJUxUm from a plane mirror. 

In the i^aiie mirror the radius is Infinite^ or — » o , whence 
fiom (1), 

— + — = (2), or, 

tt » 

' J^ ■■ »-» — «• 

The ftcue and ra^iahi point are ait tqaai distanoeft firom the 

iMifte. iMt eb qimoBlfcir eidee of it. 

^) If iNmiSel rays Miipoa the nunor tea 00, and •«>---- 00 • 
or tte leuotad rays are jparaUd. This ooneqiond^ ^ ifab one 
TSfKeseirted in Jig* 4, jk 15, teit 

()l.) If the rays iteerfe befine xaiAiiion, libs JfiiimiiU 

i = — A 

9 U 

shows that tiiey will be equally diverfent after niflttioii; mH 

Obb — tl \ 

thai tlie Ibciis is as iar behind the nainar si the radiant point is in 
fipontofit jF^. 5., pi 15, text 

' (19^ «o^ comwr^rjiiir lays (j^^ 
trre sign, and 03) beocMMs 

■i— — -f * • — == (3), wbdice, 

tt e 

— =: — 

V u 

The si«jh ere1being|tosilive^iieosksed,ito 
ftont of toe mirHv is equal to the distance of ibe imsginaiy ra- 
dBant pff»*it ^^ ^fTv^ it. 

(13.) Piu^. III. S^flexion of a omdU pencil ofiight by a coneavo 
. mirron 

The Ibtanila Which applies to this case ii^ 

i- + I- = -i a>. 

u V r 



By transpoaitifln 

1 2 1 an— r 
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• 1 
(14.) When the nyt aie fmOd — •» • . And 

— = — ». «t 
r 

r 

Tlie aifn of « bdnf poothe riwira tlwt tiiefiemkimfiiirttf 
tke miirar, and its Tdne Z. , tlwt tiw final dktaiMe ii hdfjb 

itatf uai TUi ia repfeaentod in ^g* 7 ^ pi 17, or flas tsidl^ ^nst 

FD^\CD. *"■.*■'■■ 

Tlie fiiCQa of paraUd nja is called ibefrtmehfal §aaak Aa'i 

aervca aa a point of ouiiniariwi wbk nie fto of ofnar nc^i^fivnttl 

o 
rapnaent ita diatanr»t by a aymbol, /. Placing fiir ^ ila nbw 

r 

i+4-=T <* 

(]&) The neit caae to be oonsidated ia that of 4i9tfguignp> 
h thia^ » ia poaitife and the fetmida ia 

•— 4- — = — r- (4), whence, 

s e / 

J^_ J 1^ 

V f u 

Aa long as tt > /, or the point A in y^. 81^ p. 17, ia fiulber 

than the principal fixms from D, we have ^ and i. 

1 • J J 
is a positive quantity, or the rays converge after re- 

flexion. Since ^ L ^ J_ , we have -L ^ _2_ , and 

/ ^ f » / 

e >/, or the focus is farther from the mirror than the prindptl 
focus. 

If we suppose, besides, that A is beyond the centre C, we have 

tt > r, and -i- <- _L , whence JL L,arA L>? 

«* r f u r u T 

,or>. — , and — > — , or o ^ r, the fix^ diatanoe 

r r V r 

18 less than the radius. 



We inftr, tiien, that rays cBY«rglii|^ ffom a point httoai the 
centre of the minor, an reflected to a point heti^Beii flie pribcipat 
focus and the centre. [ 

As — diminishes in yalue, -^ evidently most increase, 6r, 

as u increases, v diminishes, and Vice versa : that is, as the radiant 
point rabades from the mirror the ftone approaches it, and vice 
vena. When the radiant point becomea inmutely distant, the rays 
ire parallel, and their ibcas is ^ pnncipal ft^iM. . 

■ We have seen thai as long ae the ra4i>&^ point is ftrther fixm 
the iurror than its centre (that is, « > r) tiie roena cannot ooindds 
irkQn that centre (or e < r) which it approaches. • If u ^ r, or the 
tidiaiit point comcides with tibe centre, then 

JL = ^ -. JL = Jl ^ -L SB JL , or, 

V 7" *• r t r ' ' 

and the rays are reflected to the centre. 
Let tilt ra^ani]^oint now paoa the centre tofwarda the 



fiMDs, that is, let tt < r, and at the same time u >/, or — >> - 

tt f 

and JL ^ _ . Since _ < _ , -f L is still a positive 

qoaotllj; the rays are, therefere, still brought to « ibcns: but 

111 1«.2 11 „i^^ 
smce -— > — , CM* — i < — , whence 

u r f u r u r 

1.^-L and e>r; thai is, the ibcas lies beyond &0 centra. 

• r • 

When the radiant pdnt coincides with the principal fi)cua tt amf 

whence, JL=JL,and — = __ =.0, or « « a> 

u f V f u 

the rays are rendered parallel by reflexion. 
If we suppose .the radiant point to approach still nearer to the 

minor, so that u -</, vwj nave — ' >. — -_ , whence — is 

u f f u 

negative ; that is, — has a negative sign, <» tibe focus is 

V 

Imaginary, the nys diverging after reflexion. The divergency 
of tLe reflected rays is less than that 'of the incident raya, 

ibr± = »(-L-^\.^and JL ^ <±,the di. 
vergency before reflexion. 



16 CONVKX MIMIOBft* AFPENPIX* 

(16L) VixihAG^iB^(£eQmiurgi3»jgny^fBjiimgvp^ 

-i ^=^ -L (5),cMr, 

» » / 

± = Jl + ±. 

» / • 

The ngnB of ths qnawtitMW en tbt ii|^iUMiid aade nf tiai efo^ 
tion being both positive, JL is always positive. Ganveiyin(f tsji 

aim, th^refive, always brought to a ficns. Bforeoiver, sjiioe 1.^,^ 

> — , JL > — , or the co a vergep^ is gnafeer afiar* tea b»* 
u V u 

Are, reflexioa. Sinee J. -f -L t>> 4- • — > *4- *^ « </> 

« / / » / 

whence the focus of converging lays b nearer the mirror than the 
principal fecos. 

8iibstitiitmg,inequatioii(5)ftr4-« ite ta^ X , an« tHPi 

posbg — , we have 

— = — + ~. 

V r u 

whence the value of v is 

ur 
V = ♦ 

2u J^r 
agreeing with the rule on p. 20 of the text 

(17.) Prop. III. Reflexion of a tmaU pencU of rays by a eon»e9 

IfttfTW. 

In this case, r, the radius of the mirror, takes the negaf Ve sigiii 
and equation (1) becomes 

— + -l = _-i (6). 

u V r 

(18.) For pardUd rays {fig, 11., p. 21, text,) — =0, whenco 

12 r 

-= ,oro = — — . 

» r 2 

The focus is behind the mirror, and at the distance, from the 
vertex, of half the radius. 

If we call the principal focal distance /, the formula for the re- 
flexion by a convex mirror becomes 

— + — = — —7- ( ')• 

u V f 
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(19.) For diverging ray {Jig, 13^ p. 21,) we have 

J^^_ i L=-^J-+ ±V 

t) / u \f It /' 

and iherelbre — if always ncfative ; mdi raya dharge after re- 

V 

llBzk», and sinoe — -f > — , or JL > -L , their di- 

f u u V u 

wageDcy ia increaaed by the reflexion. 

(90.) Figure 12. will, aa haa already been atated, repreaent the 
caae ca eenverfnag raya falling mxm a eonoex mirror, if we aim. 
poae BBlt and BJn to repreaent the incident raya, meeting in the 

JBMiginary radiant point F. To eniveaa thia caae analytically, u 
mnit be made negative, and the favmnla u 

— _ — ^ ._ — — - ;•;..' (8), or, 

9 U-- f 

1 1 1 

V U f 

The poaition of the ifocua, aa ahown b^ thia equation, paaiea 
throngh variatlena, corre^ionding to thoae m the case of diverging 
raya nlling upon a concave mirror (Art 15.). 

(31.) It ia somet^nea convenient to refer the distance of the ra- 
diant point and ftcus, to the centre ot the mirror, inatead of to the 
vertex. Formula (1) may be readily tranaformed into one which 
ahaB reftir to the cientre. 

PaoP. IV* 7b determinB the rdation ef the dittanee afthefoeut and 
rmMani poini, of a tmaU peneU ef raye, from the cetHre ef a 



By >^. 8., p. 18, text, it amiears that uiD = ilC + CD^ and 
FDissCD-- CF. CaDmg AC =: v ' and 1^ » i/, CD, 9» be. 
iite, BB r, AD as «, and FD 8= « ; we have « ss u' 4. r, and 

Sobatitiiting theae values of u and e in the equation 

-L + J- = -H- (1), it becomea 

II r i 

1 . 1 _ 2 

VlTr r — t/"" r ' 



B3 



vl ^r r — i/ 



IS REFERENCB TO GENTBE. AFPBIIMX. 

Bringing to a c o m mon denominator tha q m m t i tiM on boCli «iIbi 
of the equation, a^ reducing, we have, 



r — »' »' -f r 
r — ti* u* ^ r 

-^-1 = 1 +-^,«^ 

«' 

-7 — — J- SS — ^ • . • • . if > 

v ir r 

(32.) This equation is the same in fi^rm with tbe one ftond 
irfiui tha distances were estimsled from^ha vertex^ except that 
the sign of u' is negative, the distances t^ and tr being now 
reckoiMd in 0|>pqBite dueptians. 

Equation (9) nugfat liave been deduced directly from the rdatkm 
ofthe lines iiif;i%ilC,CF,J^. a, in the triangle AMF. The 
sohition of the question bj thai meliiod, would mive been more 
simple. 

(33.) If we substituto for J. , in equation (9), ila fatae 1 , wb 

have 

A--^=4- m 

V ^ f 

From this equation, may be deduced the relatian azptessad in 
the following proposition. 

(34.) P^op. y. The distance aj ikn prineipaifociu rf a mtrrsr from 
the centre^ is a mean proportional between the aittanus ^ the 
radtant point and focus if any smaU pencil from ihe pviidfd 
focus. 

Equation (10) gives, 

-L= JL+±=/ii!:.or, 
»' / «' /u' 

tf = ^^ , , whence. 



/-„' = /- 



fit' P 

J — -^ or. 



in which proportion / — rf represents FO {fig, 8., p. 18, textO or 
CO — CF, and u' -f /, AO or AC -f CO. 

(25.) The subject of reflexion at curved sur&ces in general, will 
be treated briefly in a subsequent chapter. Tlw proptfties of the 
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forftMs firmed by the revohidofi of the peraijtiU vad eBipse abDut 
UmAt aiBi, are mdily undenlood, firam rwy mipb gvanetriod 
ooBpideratiaiia, and gain nothing by being praaantad walytioaUf • 
They vtll, however, be referred to in anotliw pttt of tfala AjnM»n^^y, 

(96.) We peaa neit to the reflezkn of a amall eW^e peocfl by 
a aiiherical mirror, on wUoh labjecC two propoattioDa wOQ be 
Ipfen; in tiie first will be eomddered the case m whidithe asda 
of the pencil does not crow that of the mirror, and the pencil ftSiik 
mm the mirror near to the tertez, and in the eeoond, w case (n 
jMA the axis of the pendl eroeaes that of tiie mirror. 



(97.) Fkor.VI. A rnMi^ ftndi kam^[ U^ rmdiam fuml 9m ff Hm 
axU rf a mirror f meets the surface near tke vertex^ required die 
firm ^tke r^eeted peneiL 

Wig. Am 




Let LMN r^resent a section of the mirror, made by a plane 
paarin g through the lines MR and JfO, or through the'iuas cf this 
pencil and the centre of the mirror. RL is an extreme ray of me 
pencil incident very near to Jf, UP is the oorresponding reflected 
ray, meeting the reflected ray JfF, which conei^^onds to the axis 
of the pencu, xa the point F, JF* is the focus of the peneil LRIf^ 
in the plane of the seetion RMC, 

(98.) To determii^llie ^us of rays which meet the mirror in 
a plane perpendicular to BMC\ suppose a plane to pass through 
kM at right angles to that of the figcoe, this plane will cot firmn 
the pencil, RLN^ two ra^ which reflected win meet the axis, JMF, 
of the reflected pencil, m the flxsus required. I^ now, a planith^ 
passed through one of the incident rays, just described, and tne 
corresponding reflected rav, it will pass through the centre of the 
mirror ; the hne jRC, joininjBf the radiant point and centre, will be, 
therefore, its intersection with the plane RMC containing the axis 
of the incident and of tiie reflected pencil ; l^ld t]|ip povit, F\ in 
which RC produced meets MF^ will be the point in wmdi the sop- 
pot^ plane meets JKF, that is, the focus of the reflect^ Wf^ 

T^e fiicus, of the Reflected pencil, in any plane between icJIfC 
im4 the one aA right angles to it,* will be found betweaa Fejfu^ f . 

*€aidinttoB teroM tiie former of tbeie planes tlie pHmurjf pfeM, XtA 
atter, the teeendarf pfonf. 



30 OBLiaiTX rBKCIL. ABgBmax* 

(^•) To dg tonniB a, ouhrtietUy, th« position of t hejwfat F; 
drsw flioBi tfaB win Bit MX and ME perMBdiealar, rMpo6lif^i 
to XL and £Ft •!» from C, CP and CQ peipwMftiinhr, vm^m. 
tifoly, to iUf and MP. As the are ZrAf k imrj •maO, it mi^ bo eon- 
aidwed a ftiaifht Una parpandicnlar to the radraa CLi wipBooa liia 
incjdant and reflected rays making e<|ual angles with CAalaomakii 
oqnal oniloi with LM, and the trianglea LMX and LMM wm 
rimihor. But they have tiw side lJlfoomniaD,henoethBj are Mal» 
and JOT is eooal to M2: The two triangka CPtf and CQM iMiitf 
abo equal, CP is eqpial to CQ. And sinoa C7 and C!8 miy ka 
oonsidered as perpendicular to RL and LF^ they maj he talsn as 
•qnal. WheaoePrs: 09. By the simlbur triangles EPr and XIH 

RP : RM:: PT: MX; 

and by the similar triangles FMZ and FQ/S, 

QSi MZ:: FQ: FM; 

idienoe,8inoeP7= QS; and JtOT a MZ; 

RP : RM:: FQ: FM .....(fi). 

Let 12itr m tt, MF^ V, CM^^ r, and the ngk RMC » # . 

Then, 

RP » Mf — BiP = JRJIf — CJf . OQS MfC, or, 

i{P = u_r cos 0;and 

FQ^MQ — MF^MC . cos CMP -^ JMF, or, 

PQ r^ r. COS. — V. 

By substituting, in the proportion (e) above, fi>r 12P, and PQ; 
the values just fi>und, and for KM, and FM, u, ind o, we have 

u — r. cos : u : : r. cos ^ — v : r, or, 

tt — r. cos r. cos ^ — o. -». .j. , 
~ = 1 . Dividing by r, 

JL _ ??!L* = 2!!!L* _ J. , Mid 

r tt » r 

2!Li + ^21*=± (U), 

v tt r 

whence, 

ur 



V = 



2tt 



cos ^ 
(30.) To interpret equation (11) geometrically, we should ob- 

SWTO tiiat the ratio of MX to RM, that is, ^— \ , meaauiestho 



\RM/ 



divwrgengrofthe incident pencil LJIJV: But in the triangle JDtt, 
MX^s ML . cos LMX, and since the angles XMR and LMC 
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•re BMily right lu^les, LMX is anriy dqiia( to JJfC, or HXa 
JKL ooB f, ,—3 therefore varies wi^h , ^ , which, oonse- 

£8 «.. . 

^tanfif measures the vergency of the hioiclent rap. In. like 




thenrfsnegref tho leiasM iMPilf 

^F9 iplfTt hMO, fluill (xl)« Wat UK SIMI Sf tSS SfllWinSMS tfw^ 
■swysw* wig rgi^nsii ptwcum is » cswiwuy Qpwwwyi 

If 4 » 0, or the rm proceed /mm s jwtiif ijii (le ff^ f||^ 
^ B 1, and ibrnrala (11) becomes 



1,1 2 ' 

u e r 



afreeing with eqnatioii (1). 

If the rays are parallel^ oosf __^ ^ ^^ 

tt 

£«f=A,or 
» r * * 

«= -^. cos^. 

(31.) To find the position of the point F\for the fiane perp9iu 
dictdar to RMC, we have, in the triangle JZJfC, 

mo : MB:: Bin MRG : rii^ MCB, or, 

eaSing tht aa^e IM7A ^ whence JKRC a — ^, 

r : » : sb (0 — ^) : sin tf , 

r _ sin(g — ») 

« "~ sintf 

sad, by snbslitiiting ftc sin (• — ^> its vahie, 

r _ ain^cosf-^cos^. sm^ 

"« sin9 

If MF' be called i/, we may deduce fiom the triangle CJCT, 
by a method similar to tint jost used, 

_r_ rin(Mj{) 

t/ shia ' 

r _ sin»cqB» + co»^sinf 
t/ ^ Bind 

Adding together the values ibofid for -L. , and ^ , and rs. 

docing, we find, 

— 4- —r ^ ^ • ^^^^ * • ** 



a.!Bi 








«f te iBmr, wbiA is eoi br iU^ at 

of te i ffc u e d penefl ia Cae plnK 

■H arapoHXitB M izie k/om ni Be i 

Jjn tiiif imyoMikjii moiit be wjhm^, 

LF*^ the pomt T, tt wtoefa Z,F eoto the 

■Dfk Xnr to the aafie £i>Jf. wiikii Itf^ff sBcie H given. 

Cdl, t« in utide ^.:, iSX =: ■, XP = r, XF' = r , CL = r; 
aboietJry=z,JCI> = 6. 

flinee CL bisecU the angfe I>£F, ve Iiwre, 

IX : Z>Z/ : : FC : /)r, 

or, takiogr ftr KL and Z>L, the dietanees TIT and Z> JU; wliicli izt 
Muij eqoal to them, 

YU : DM :: VC : Z>C, that ia. 

X : ft :: r — * : 6 — r, or, 

r — z h — r 






X 

r 



r 



.and 



II. BSffunaoH. 

^ eqatdoii dom which x may be defentiiofld.. 

The apfVQUumite vahie of the a]i|^ iL VM auj be bblited bf 
■Df that the tangente of J4 Ym, and LDM are to eaioh o^ier 
dfataneee mrand JDiJH; or, 

tanr _ YM 
DM 




taiii> 






The dbUncee LF and XF' wiH be given, aa beftve, by Htm 
dqnalioDB 

ooe^ , ooe^ 9 ,... , 

' H = (11). and 

u V r 

1 ■ ' * 1 2. ooe« ; /M>k 
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FQEMATIOlf OP IMAOBB BY REFLEXION. 



33.) In .diecnawng the anb|ect of the ftrmatioB of imaM bir 
leflerion, the isrfiuie of the minor will be aMomed to be nberiou, 
■ad the moot useftd caae w^ be eoltfod; namely, that of a plane 
peipendicalar to the azia of the minor. The olijecta, of which 
vnagea are to be ftrmed bv minon, iHwn not pfauM, are gmerally 
of hrr^guhr fiwma, and the imafoa can \e feund, only, qr pointi. 

nuir. Vin. .7b dgtenmm. ikt wmv« ^ plam^ ftrpnUemkr fe 
tie «stt tfa mirror. 




In the figme, let JM2V' be the inteneotion of the pbuM OQiM^ 
tteol4eot,wllhap]anepairfitftiu»ngfateajdbofthemfan^ Itfi 
evident thut ff aaaaanpendTof rayabeeoppoeedtoptoeeedftom 
eadi point of MN, and fbe eeveral ibci of the pendb be delarw 



.M IMAOBi SY XmBOBS. 



miiMd, the memWige oT tlte pomti tfaiis ftimd win give lb* 
image. FramMud JV;ittro^i9,ffieoeBlreortliemizt^ 
MBtoadNA^ the azee of two pencOi of says ftem JT uid i^, end 
lum which, theMiS^ tile fiWa tiT the penSli IM 

ilUAtaM loT Uie peMdi, «f wUoii JO kthe efci%i»vtfli. 

V^ ^Itti^r ^^^^^^ (^ ^Viit) •^ ii^ ^ « 
mmr, C^ C£; the diatanoe of tkib £^ 1teom Ihe c^^ 

mirror, d; andthe angla JfCJIl)!: theb^dnte 

c£«cMr. 000 Ilea; 



The ifennal ionniila, for the rehtioQ of the dia^noe of tiMii- 
diuit ponit, aiidltf the fiiedt^ fefadi the oaiue, wae, «rt (2S.), 

-1- W » 

and, aiMitiitiiig the Talue of u', juat Ibimd, 

The polar l^iiAAAd ^ A bittd6 Mt^ 
|li(Taiii«'e Aiwdtr^ Geoms Chiqp. YO 

1 4. e . COB w 
it. I ^. .e.eoi.« 



TWa^lqpnliaii wM b^ MA&tk^ Willi (14), if ^ tapp^^ J- = 



•'•il (! — ««) / '.1(1 — e«) d ' 

The image of t^ line ACATia, therefore, a portion of a come tec- 
<ion, of which C, ffte eentr^ ^ t^ mirror, it one'df )tfte /bci. 

(34.) Since /*i wi (1 — «a) „ jl A ^ ^\ -t £!, (Aaalyt 

Geom.) the 8emi.|iurameter of the conic sedltili, and / ia conatanti 
it foUowa that tb6 radiaa of curvature at the feMex <£ the conic 
eection, which la ^nal to the semi-parameter, b indqiendent of 
the distance of the object fipom the centre of the mirror. 

, , i^) Wtt,i)iMBei9d lo,exi|niBi9,tfae. varietion..in tiiye. J9gm of the 
9i|iiiewctmiiist found, wben the diltaace 9f the dneot fiem th» 



«BAP. n« HSIXXXION. d5 

FErst, let th0 object be infinitely diitint Then, JL ^ 0^ ia4 

d 

.-— -. =: Of that ii, e OB 0| and the image ia a portiaii ef a' 

it (1 -^ «*) 

correaponding to the equation _ ss _ , or, «^ =: — . 



1/ r 

The radina of the circle ia half that of the mirror. 



Aa the object ia brooght nearer to the minor, d dhnhiiriiei^ or 

--increaaea; bu^ 4-= ^,, ^ ^ ,and,ainceil (1— e«) — /, 
a a it (1 •— e*) 

or ia oonatan^ e muat vary aa .--. , and, Iherefbre, inc r e a a ea . Aa 

d 

< 1, and the image ia a portion of an eStpge. 

When d ss/, e ss 1, and the curve ia a floraftofa. For d </, 
e > 1, and the curve becomea a branch of a J^jwiMe. 

If d s o, or the object paaaea thiongfa the oentre of the minor, 
^ = 00 , and e ia infinite, or the image ia a ttraighi line, coin- 
ciding with the oliject 

When the object paaaea the centre, towarda the minor, d be- 
comea negative, and uie equation (14) changea, if we reckon 9 firom 
6C, to 

J, =f _!-.....<«, 

Tfaia equation givea a hyperbola while d </, a parabola when 
d ss /^ an eUipae When d>f» 

Each of these cases presents curious circuitastanoee. For ex- 
ample, in the caae, d </, if a point be taken in te object, ao that 

tt'eas/^ thstia, JL. s:/, the equatun fiir the fiiealdiateDM of 
coe0 

the pencil proceeding firom that point, ia 

-g «0b t)'«oo; 

the image is infinitely remote firam the mirror. If we euiipoee the 
object to be sufficiently extended to out the minor, the pomt ooan- 
mon to the object and mirror ia ita own image^ and &r that poim^ 
«' BB r, and v cs r ; between the poinia ibr mich tif ss r and t/ «i 
/, the distance df the image baa varied firom r to infinity, aadt 
therefiire, tlmt portion of the oliject which ia between theae limitab 
has a virtual unage, the part of each braudi of irtiieh, betweas 
t/ 93 r and the vertax, is wanting. 
C 
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The part of the object between v! =^ d and u' s= /, has its imago 
bejond the centre; it b the branch of a hTperboh conjugate ta 
the first 

' (86.) If iStMt section of the object be an arc concentric with the 
mirror, u' is constant, and 

«' f ^ u' . 

i|i ooDStant,. or the image is also a circular arc cqncentnc with the 
mirror. In this case, the relative magnitudes of the object and 
image are as their distances finom the centre (Mf the mirror. 

(37.) We have considered a section of the object, of the image, 
sad of the mirrbr, ma^ bj a plane passing through the axis of 
the mirror ; if these sections be supposed to revolve about the com- 
■Km.azis, the section of the object will generate a pkne, and that 
of the mfaror, ttod of the image, surfiioes of revolution oorreqioDd' 
ing to the sections. 

^ . (38^) The case of a convex mirror iis embraced by equation (U), 
if r be made negative. 

-..For the plane mirror, r ss oo, and — b e, idience, 

r 

1 =S^».....(16). 
tf a 

and ^e wunge is wmUar to the object. 



REFRACTION. 



CHAP. m. 

REFRACTION BY PRISMS AND LENSES. 

(39.) The most simple case of the refiraction of light, is that in 
which it takes place at a plane surface. The perpendicular being 
drawn, the refracted ray is connected with the incident, by the law 
(p. 29,textf) that the sine of the angle of refraction bears a constant 
ratio, for a given medium, to the sine of the angle of incidence. 
To represent this law analyticaUy, suppose a ray passing fitun a 
rarer to a denser medium, call the angle of incidence 0,^e angle 
of lefhiction 0', and let the sign of incidence be to that of refirac- 
tion, as fit is to 1, when m will represent the index of refiractimi of 
tiie denser medium, that of the rarer medium being unity; we 
have 

sin ^ : sin ^' : : m : 1, or, 

sin s= 111 . sin 0' (17). 



CHAP. m. : BEFRAcnoN*. :. :. .T ST 

When the ray passes from a denser io n nicer. ifaediirnvf'^^^ 
sents the angle of inciclence, and ^ that of refraMiMb r. ; '.' 

If the angles <p and 0' be very small, they may be taken instead 
€f their sines, in wfaieh case, s-? 



jrf? 



(40^) . The difierenoe between the angles of ingndidncA and nfimt^ 
tiw ifrtenpi«d the (femotim oi:th«.r|ffi»:^.i^iiipgk 9l(r^..W 
the angles are Tety.sotiaQ, we have, rorrthe deviotidb,; , - <^. ^r-:i: 






— f = jfi4' — 0' .= (m — .1) f , , 

^ - ^' = !iZi^. f . . .r... (18). 

in 

The deviation, there^re^ when 0ie anglo '^ mcidefibd' (s fBOB^Ui 
hears a constant ratio to that anide; ' -.,-.-.. w .^■..i*^ 

(41.) The case of the total r^fhxum4s£tL ray. moving in a denser 
mediom, and arriving at the separatiiDg surfiioe. of the denser and 
of a rarer medium, (pp. 34, 35, text), is comprehended in equa- 
tion (17). The ray pasnng from a denser to a rarer medium, if / 
be taken to repr^ent the anffle of incidence, and ^ that.of refrac- 
tion, m will refnain greater tnan unity, the angles being, as Mif&re, 
oonneoted by the equation -"- 

m . sin 0' = sin ^ ..... (17). ' - • ♦ • ■ 

In this equation, since sin ^ can never exceed unity, m sin 0' 

cannot exceed unity, whence sin 0' cannot exceed , (in which 

m 

case, m . sin 0' ss 1,) or^ the equation .cannot be satisfied if i^ ^' 

^ — . The ray then oeases to be refiracted ; it is whoDy re- 
m 

fleeted. 

• • • t .• 

The angle, at which, light, passing through a ^nser mediuin, 
and meeting the separating sur&ce of 3ie denser and of a 
rarer medium, ceases to be refracted, is found from the equation 

sin <p' = '. . If the denser medium be glass, and the rarer, air, 

m 

«n ^' = JL = A , whence, 0'= 41^ 48'. 
m 3 

(43.^ The phenomena of reflexion might be derived, anaHytically*. 
from those of refraction, by oonsidennff that the an^le of reflazioii, 
is measured with the same perpendicuhu* as that of^refraction, or, 
is the siqyplenent of that measured by ^', (see text, Jig, SSL, p. 15), 
wd that the angles of inddenoe and reflexion are eqmd^ bnto« 
opposite sides of the perpendicular; m that, in the.«wil ef jri*^ 
flexion, sin s= — sin 0', or, m = — 1. 
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(4Sl) mwv. IX. 9b d t termim e the emurBe €f a mngU rmu or tfa 
Midi ptneU ^ rmys, rifmtUd by a ftrkm. {Fig. 90^ p. 32, 
text) 

Let the uiffle, HRMf of incidenoe, upon the firat m&oe^ be 
called ^; JETJ^, the oorreraooding angle of refraetion, ^'; STRN, 
the an^ of nicidence on we eeooid snr&oe, ^ ; n'il'6', the an^ 
«f e inaff i p ce ftom the pnam, ^ ; the angle, it, of the prHm, c. 
The auM, MAX^ ARBf. and JJTJZ, together, are equal to tivo 
lu^aiiglee: but iUURf » 90o— ^', and AltR^9(P^^ 

a + (90 — *') + (90—^) « 180, or, 
a M *' 4. ^' (19). 

The aajrie of total d/ma»um^ DEH^ it equal to the eom of the 
partial de^^bna, EKR and ERR, that is, caOmg the dem- 
tiflo^, 

^ — * — *' 4. ^ — 4.', or, 

a « * + y* — (♦' 4. tfO, or, 
*«*4.t^-.« (90). 

Hue vahie of the deviation contains the given tnghe * and «, 
and the angle t/^, which may be found by meane of the rebtions of 
f, *', ^, and t/^, as given by the Mowing equations : 

sin^sm.sin*' (17), 

^'=«-0' (19), 

%m ^ s=i m , vin \\f (17'). 

(44.) If we etippose the angles very small, we have, from (17), 

= m*', whence, 

* —0'= (m — 1)0'. 
Also, from (17'), 

t^ — t//' = (m — 1) t/,', and 
a = — f + t/. — T//=(m — 1)(0'4. ,^0; 
but (19) gives 

0' -f ^ = *^ whence, 
^ = (m — l).a (21). 

a value depending only upon the refractive power of the material 
of the prism, ana upon its refracting angle. 

(45.) There are two other cases in which the deviation, as given 
b^ equatians (20), (17), (17'), and (19), assumes a somewhat 
•miple ibrm. These we shall consider, in order. 
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(46.) Prop. X. To find the deviatUm of a ray, or of a omaU pencil 
of rayOj incident perpendieularhf on one of the auifauo of a 

. When tbe incidenoe upon the first swboB'ie perpendJeqlVj f =3 
•t moAr^' am «, and eqaatkn (30) beeomes, ■ . • - t - 

•ikI(19), -' 

r^' s a, whence, 

sin ^'= m . sin t//' ss m . sin «; 

but firom the value just found for ^, we have, 

t// s= a _f- >, whenoe» ' ' ' . 

sin (a -)- ^ SB m . sin a . . . . . (23); ........ 

^om. which equation, d becomes known when a and m ar^ gVPen^ 
or, 

sin (a 4. ^ , 

sma 

may be found by determining h and a. This is one method of 
determining the refractive power of a suhgtanee. Another method 
is jfumished by the next pn^xMsition. 

(47.) Prop. XI. To ^termine the deviation of a ray, or of a email 
pencil of rays J when the angles of incidence ana emergence are 
equal (Fio^. 20., p. 35, text) 

By the condition of the question = t//, and since, fi-om (17), 

. . , sin J : f > sin \1/ 
sin 0' = — I , and sin t^ = —-■ • >.<,,- '■ 

sin 0' s= sin »^', or, 0' = \f/\ 
Equation (19), gives, 

20' =3 a, or, 0' =s -|-, 

and fi-om (20), by maiung ss ^, ' . • .,. ,r. 1^.. : j.i u; . 

a = 20 ~ «, and =s ?-i-^ • 

Substituting these vahies for and ^ in (17), it becomes « 

sin -— - (a ^ d) = m . sin -^ a (23) ; 

an equation from which S may be determined when a and m are 
given. 

By transmitting light through a prism so that = ^, we have 
a method of meaeuring the reactive power of the substance of 
which it is composed, for, 
C2 



to vmrMMMXXAtifai or smfonva powcb. iurmviPb 

■ • ' « = S*ii±iJ <8D. 

* ntMOilllrflf tfai uujkmei \nMmm md tawigi— i wm^ U 






ThB jcQiKMlllaB Mfuii^ tlw dofintkn to be ft iwittinwiia. Wo 

vBlOTwBVS flmf iB MtfOfii CBBVCBiUmO wtm UM BIB Ql0 CDfllBBOiiH ' 

iflMint Motl to MRii Thft filiMi or tiw ^viitioiiv Am 

I « ^ + it'-. «, 

te iiiflii Miliil of wlikilif • btnf oottrtftBt, H^ 

des «« J^ + M/wbMNai 






■]r 4bt dtBhifiitJttiDii of wiiiolii wv oHii 

w — ^* 

iVam aqortion (17% by a similar prooetg, we have, 
d , mn ^ as m , d mn f\ or, 
eoi ^ . <2^ es m . cos 0' . d^\ or, 

<l^ =: » . ?2it' . d^\ 
otmf 

In like maimer, we obtain, by di£ferentiatin|^ (17^ 






0i?idinSf the second of these eqnatians by the first* 
rf4| _ cos ^ . oos >!/ d4/ 



COS ^'» cos -4^ 


df' 


f or, 




dV 


= — 


1. 




d^ 


= -. 


«•♦ 


• cos 


4/ 


^ 


006 f 


• CM 


n 



SuWitDtiiig thU nhu fbt -^ in ths vitne rf ^ Snind 

■boTB, it bBCOOWB, 

iH ooa #' • coi 'J' 

Thia value ttxiud for the diA^ntial Goefficient of j, ii to ba 
mde eqwl to xsro, whence, 

^;,~-^ ~i «i 

•■ eqoBtian vbich i* otisfied if f » ^l', or tk aiyta a/'tadiittM 
•ml enwrfcMM are equoJ. The melliod of mdog thii popoailion 
b dewaibed in ut 35, pp. 33, 34, of tbe text 



Refraction by Ijauet. 

(49.) Id diioniwing the labiBet i^ ra&ictioD hj Vat 
- ■• ■' - - - ■ ■ ■ Tbepi 



dent ran will be, first, u 

■MM rf the Uu nwlected; 

ht iabodneed, audi untl;, imdei the title of AJbtrratiim tf Lemu, 



™t,«nmBd» 

ujlected; next, the oureoUon fcr thiokneM will 

. - . . bitly, midei the title of AJbtrratiim ef Lttuu, 

the CMe ofa pen^ of anj m&gDituda will be conaidarad. Kaftao- 
tkm tluoagh sidwres and parallel plane surikces, will be deduced 
fhm a oonaideratitai of the general case. 

(50.) Pbof. XIII. 7b drtermnu! Me et 
liaialtfTay*,fiM^BgfTmKa rarer to 
a ■pimeoi m^att. 

Fig.V. 




let £ be the radiant point of a atnall pendl, of which EV \a 
dta Ilia, and £R the extreme raj ; the raj BR, paanng into the 
denser medlimi, will be nfiacted (owarda the perpeBdicular, CS, 
making the an{^ mRtf leu than ERC, and in nich a proportlDa 
that Bin ERC : un mRJIf : : m : 1, in tepmeoting the index of 
r^actlim of the denaei nediiun, that of the rarer medimn being 
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Call EV= M, FV= u\ CV=: r. In the triangle, ERC, we 
have, 

EC sin ERC 







ER 


sin ECR ' 




and in FRC, 




FC _ 
FR 


fiinFjBC 
sinFCiJ 




Dividing the 


1 fiist of these equations by the 


second. 




EC 
ER 


FR 
FC 


«i»^«^.and 
sin FitC 


since 


sin 


ERC 


— wi . sin mRM = m . sin FRC^ 






EC 


FR 





ER ' FC ^' 

The pencil of rays being very small, the point JR is very iieur to 
■ F, and finr ER and FR we may take their appioxiiaate mfaas 
£F and FF, whence, EC ^ EV -^ CV.r^ u — r, and JFY? -» 
FF— CF:=tt'-~r. Substituting these values of JBC and FG, 
and the values of ER and FR for those lines in the equatioa juit 
found, it becomes 

u — r tt' 



; = m, or, 

u u — r 



tt — r u' — r 



z= m , — ; and, dividing by r. 



u u 

1 1 Tti m 1 i -A.' 
= , or, by transposition, 

r u r u' 

tt tt r 

(51.) This formula ni.iy be adapted to all eases of a small pencil 
incident upon a spherical surface, by a conventional mode of con- 
sidering the algebraic signs, of the different quantities involved in 
it. Let us, as in reflexion, consider 7/, u\ and r, essentially ptm- 
tive when the radiant point, the focus, and centre, are, respectively, 
in front of the lens, negative in the contrary case. 

The positive sign of u' will, then, correspond to an imaginary , 
or virttuil, focus ; and the negative sign, to a real focus. This it 
is important to the student to recollect, since the reverse has been 
the case in reflexion. 

It would hardly be useful to discuss the variations of formula 
(2G), by changes in the quantities concerned in it, since we must 
consider, in refraction by lenses, the action of two surfaces. 
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(52.) Prop. XIV. 7b determine the course of a small pencU of ray $ 
falling upon a lena; the radiant point of the peneu being in the 
axio of the lene, 

Fig.E. 



^^'-^ 




Let ERf as befixre, be the extreme ray of the pencil, EV the 
axis of the penci] and of the kns, HJIf the ray rd^acted at the first 
sor&oe, CR the radiua of that iur&ce, Jf the point in which RM 
meeti the second surfitce, CM the radius of the second surfiuse 
drawn to the pcnnt M. Prodncing MR until.it meets the axis, F 
is the virtoal &cq8 of rays re&acSed by the first sur&ce. Since 
the refraction at M is mMn a denser to a rarer medium, the ray 
IS refiracted from the perpendicular, taking ^e direction MAT, which, 
prolonged until it intersects the axis, gives F' fi>r the virtual focus 
of the pencil refracted by the lens. 

Keeping the notation of the last proposition EV= u, FV=s u , 
CVts r, and the equation for reflection at the first surface is, (26), 

^^ 1^,= ^lizl (26). 

The equation for the refraction at the second sur&ce may be m- 
ferred firom (26),' or may be obtained directiy, by proceeding in the 
triangles FMC and F'MC\ as was done, in the last propositicm, 
in ERC and FRC, Thus, 

FC' _ mnFMC ^^ FO^ _^ sin F'MC 
FM" Bin FCM' F'M "^ sm F'CJtf ' 

and, by division, 

Fa F'M _ tan FMC _ 1 

FM ' FC sm F'Ma m 

Call Vr, tiie tiiickness of the lens, t ; F'V, »; CF, r ; then 
Fr= tt' 4- «, FC'=tt' + t — /, and F'C'=:D — /. These 
values being substituted, in the equation just found, instead of FM, 
F'Mt Slc^ we have, 

»' + *- '^ .-!!_,= -L . whiice. 
1^ + 1 v—t' m 
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= TO . — JL , or, 

V tt' + « 



1 






dividing by r', and collecting the terms, 

1 TO ! 1 — TO . 

~v t?+T ~ ~ * f 

TO being greater than unity, the sign of the second member is 
really negative, and as it will be convenient to show this, we 
change the fi>rm of that member, and the equation becomes, 

J_ _ *" = _ *" — ^ (27). 

This is the general equation betwe^ u\ e, /, t, and m, which, 
combined with (26)t will determine v in terms of u, r, /, f, and m, 
all of which are given quantities. 

(53.) If the thickne88 of the lens is so small that it may he 
negheted^ (equation (27) becomes, 

1 TO TO 1 t_» It. r«/?v 

V 



V 





tt' 






r' 




» " 




•"/J 


TO 

g 


__ 


1 


' + 


TO 





1 

— f 


whence, 




u' 




u 






r 











1 

u 


— 


TO — 

r 


-1 






m — 1 

■ r' • 


or, 


1 




(m- 


-n 


/- 


1 




1\ 


■ • .' 



(28)/ 



Since — - represents the divergency, or convergency, of the 
u 

incident pencil, and — that of the refracted pencil, we deduce, 

V 

from (28), that the difference of the vergencies of the refracted and 
incident pencils is a constant quantity for the same lens. 

This formula applies to the different cases of the incident pencil 
and lens, as in the single surface (art. 51), if we consider the dis- 
tances of the radiant point, focus, and centre, positive when in 
front of the lens, and negative in the contrary case. The same 
remark applies to the general equations (26) and (27). 

(54.) In most of the cases which occur in practice, the tliick- 
ness of the lens may be neglected, and, therefore, equation (28) is 
applicable to them ; in all cases this equation determines an ap- 
proximate value of the focal distance, to which a correction for the 
thickness of the lens may be, conveniently, applied. 
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(55.) To obtain this correction for thickness, expand , 

in equation (27), into a series, by division, 

m m mt , mt^ — - •„ 



u' u' \u' a'a / 

If the thickncfls of the lens is not very great compared with the 

distance of the point F, the powers of — - , higher than the first, 

tt 
may be neglected, and we have, 

m m mt 



tt' 4- « tt' tt'3 

Substituting this value lor ,"* in (27), it becomes, 

u -\.t 

. _1 ?L 4- *"* "* — 1 



« u' tf 



'2 



or substituting for its value firom (26), 

tt 

1 1 m — 1 , mt ffi — 1 

1 _. = ^ , or, 

» tt r tt * r 

by transposing and collecting the terms, 

J_=-L+(m-l)(JL_J,\_J^ (29X 

• tt \ r r f uf* 

in which we perceive the approximate value of _ given by 

o 

eqmetion (28), and a earreetion !!L for the fJUdbieM of the 



lens. 



tt'a 



(56.) P&QP. XV. 7b (lefeniitiic t^ /onn of a smaUpeneU refracted 
hy0 medium^ hounded b^ parallel planee. 

For plane surftoes, r and r' are infinite, whence — =: o, and 

r 

1 

Equation (28) becomes, 

J L = 0. or, J_ = JL (30). 

V tt V tt 
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The vergency of the refracted pencil b the same with that of 
the incident pencil, when tbo plate ia indefinitely thin. 

(57.) Applying the correction firom eqnatioa (29), we obtain, 

1 I mt 



V u v!^ 

but, firom (36), by making — s= o, 

r 

_ = -i_ , ipdience, ii'ss mv; 
u' u 

Subatituting thia vahie of u' in that laat given, for -i. , 

J_ = _L__i_.or. 
V u nm* 

J-=-L(l— L\ (31). 

Equation (31) contains the theory of refiracting plates of oqd- 
iiderable thickneas. 

(58.) If the incident raya are jNiniUeZ, — = o, and — s •% 

or, V = QD, or parallel raya are unchanged by the refiractioa (fig. 
23, p. 36, text) 

(59.) The value of — for diverging rajrs, given by (31), is poi- 

V 

tive, zero, or negative, according as we have 

1 > — . 1 = -^ 1 < JL, that is, 
mu mu mu 

as t < mu, t z=z mu, t > fftu, in which m is greater than unity. 
For ordinary cases of relation between u, and t, (t < mu) — is 

V 

positive, and therefore the fi)cus imaginary, or the rays still diveige 
after refraction. As ti is measured finm the first sur&ce, and v 
from the second, the efiect of refiraction in bringing the oinect 
Mirer to, or removing it ftrther firom the plate, is not expressed by 
the relation of v and u, but b^ that of v — t, and «. To ascertam 
the efiect of refraction in this point of view, we take the value of 
t> in (31), or, 

mu^ 



mu — t 
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tiu9t by diYiding afhd neglecting the povireni of t abflve thp i^ 
gives 

v =s tt 4- — , whence 



m 



» — « = u + t /i l\ (32). 

In which since m > 1, — < 1, and 1 is subtracUve, 

ffi m 

or, V — t < tf ; the point of divergence, therefiure, is brought 
nearer the fiift flurftoe by tiie iKstanee^ f 1 1 i\ 

3 11 

In a glass pUte, iti = . and 1 =-=:--.. The point of 

2 fit 3 

divergence is, therefi)rei brought q^arer the first surfitce by one 
third the thickness of the plate. 

For water, m s= -5- , and 1 • a= -— , 

(60.) If the inqd^ niyp conaerge^ u is n^gatiro,. wb^no^ 
fi-om 0i), 

-L=:- -L(l+JL\.....(33), 

in which — is always negative, and, therefore, the n^ys still oqq^ 

verge. 
Proceeding to find the value of v — t^ as befiire, we have 

nw 4. < ^ m 

*"■'"*■-(« + ^C1-^)) (34^ 

firom which it appears that the fixsus is fiurther fix>m the first sur&ce 

The ravens of the i:e>tilt ibr ^ergfaig rayi. 

(61.) Pkop.XVL Tt^deUrnme the form of a tmaU feneU of ray9 
refraeUd by a ifouUe eomatx leiu. 

We will first oonsjider the case in which the thickness of the 
lens may be neglected. To thisi equatioa (38) will be adapted by 

D 
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mskini^ r,-tlie radios of the fint snrftoe, negitive, Miee its et&tre 
if tamed from incident light This gives 

_L_i. = _(„_l)(|+i,) (35). 

1 ** 1 

iinoe — represents the vergency of the refracted pencil, and — 

that of the incident pencil, and is negative, m,r,/,being 

oonstiint, for the same lens, we infer that the Hoergenep ileslrsyed, 
or amoergeneifiplrodueed^ ky thi$ Zeu, if a ctmtUnU fnoirtify. 

'1 
. (Q2.) For MraOeZ rays, — s= o, and 

.i.r ■ I "^. tl - 1 - . .. , - 



In the refracting media of which lenses an made, m > 1, and 
this value of — is negative : hence the focus-lies befaiiid the kM^ 

itod b retf J Fot ttie distance of the ^nlno^ focoii wb have by 
taking the value of « from (36), 

• = - lirrrr • 7T? '•^ 

q . I ■ 

itf the lens is of glass, m = -^ , and =- s 2, whence, 

.Sn' 



corresponding to the rule given in the text (page 43). 
If the glass is equally convex, r s^r^, and 

The principal focal distance is equal to the radius of the surfroes 
of the lens. 

ifS,) The principal, focal distance may serve as a oonvenient 
term o£ comparison for th^ focal distances (Xf divergixig and con- 
verging rays. Denoting it by/, we have the value of/ given by 

(37), and of -rr by (36), substituting in (35) -1 for its equal ; and 

transposing, we have, ^ • 

-L = -L_4.....(38). 
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(64.) Diverging rays. Equation (38) applies to this case. 
From that eqaatkm it appears that ftr the same lens, the 
vergency of the refracted rays (— | is less than the ^vergency 

of the incident rays I — 1 by a constant quantity |— \ de- 
upon the index of refraction of the material of the \^n v\ 



and upon the curvature of its surfiues. 
I^«>/ (A- 29., p. 43), -L <-L . «wi A. is negative, or 

u f V 

the rays are brought to a locus. The reciprocal of the focal dis- 
tanoe is^ ftom (38), 



V \f uf 



Since _^_<^,. — ^-L,or« >/, and the foeoa 
f u ^ f ft f 

is ftrtiier from the lens than the principal fixms. As the radiant 

point approaches the lens, — . increases, and, of course, — , or 

u V 

z. , diminishes, or v increases : that is, as the radiant point 

/ «* 

approaches the lens, the focus recedes, and vice versa. 

— 9/: The focus is as far from the lens as the radiant point • 
If the rays proceed from a point as for from the lens as the prin^ 

dpal focus (as from C^, Jig. 29.), « «/, and — =: o ; the re- 

fiacted rays are parallel. 
The radiant point being still supposed to approach the lens, we 

have a </, or — >-=- » t-*^ — iM then positive, 

u f u f 9 

and the rays are no longer brought to a focus. 

(65.) Bquation (35) will give the value of the focal distance for 
diverging rays : to determine this, transpose — > and bring the 

terms on the right-hand side of the equation to a common denomi- 
nator, whence, 

1 _ rr'-u(.m-l)(r + t^ ,„^ 

V hit' 
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tftr' 

"" ly— M (» — 1) (r 4- f') ' 

or fth*«y»»g the aign to correcmond to a real focus, to which we 
have ftond the rays to be brought as long as u >-/, 

urr' 

•■■""tt(TO — l)(r + fO — iV* 

3 1 

For a^IoM lens, !»=---, and m — 1 = -_. ; whence, 

^"^^ ... (40). 



u(r 4-0— 2?^ 



This value of « ^ves the rule found in art 45, ef the text The 
arithmetical operation there directed is changed for the subtractioa 

of tt(r 4-fO from SfK, when 3rr'>tt (r -|- Ot ortt<-J^, 

or u </; the algebraic expression shows by its change of sigfli, in 
that case, that the focus is imaginary. 

If f es /, or the lens is equally convex, (40) becomee 

V ss •— _ , or, 

2»r — 2r2 

-_ w . 

* 



tf — r 
agreeing with the rule just referred to. 

(66.) For ewiverging rays falling upon a double convex lens, we 
make — , in equations (35) and (38), negative, whence. 



tf 



■f = -[-r + <"-"(-r +-?■)] <«'•"' 

7-=-(-i- + f) '■'->■ 

The sign of — being always negative, whatever be the rela- 
tion of tf and /, the focus is always real. Since | i. > 

1 " ^ 

- , the convergency of the rays is increased by refraction. 

3 

Taking the value of v from (41), and making, in it, m = — , 

as was done in the case of diverging rays in the last article, wo 
find for a g\as% lens. 



CHAP. 


m. 


■ 


BSFRACTION. 






« ss 


Sttir' 




It (r + O + SfV 


For 


9.gUu8 


lens 


equaUy convex, we have, 
t> ^ (U\ 



41 

(43). 



tt -|- r 

These values fix* the fecal distance give the rake on p. 44) of the 
text 

(67). In what precedes, we have neglected the thickness of the 
JeBB, and next proceed to show how a oorrectioD, &i the effect of 
the thickness, may he introduced, 

Pttop. XVU. 7b sftoto f Ae method qf ajipMng", to Me a|i|iroxiffia<e 
f&eoL UnM found for a douUe emvex tens, a eorreetUm for the 
' ^(Betcf&evdekneee, 

As an example, let us take the case of parallel ts^jn falling upon 
the Jens. Equation (39) is applied to this case hj making r nqga- 
tive, whence, 

_L=JL_(„_i)(J_+ »)_J5^ (iS). 

And fyt parallel rays, for which _ = o, 

t = -("-^>(t+1)-5 <«^- 

Equation (26) adapted to the case of a convex surfiice, gives, 

fit 1 fit — 1 

u* tt r 

and fi>r parallel rays, 

J!l = _ 5L311 , whence, 
«' r 

m _ (m--l)» 
u'^ mr* 



Substituting this value of J^ in (46), we have, 

(m — l)a t 



tt'a 



4-=-<"-'(f+7)- 

1 1 (m — \)H 



mr^ 



or. 



(47). 



© / ffir* 

To determine from this equation the correction to be ^»plied to 
the focal length, v, we reduce the terms of the second member to 
a common denominator, whence, 
D2 
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± = _ ""•' + (»" - ^)'fi Md 
V mr^f 

mr^f 



V = 



mr^ + (w — 1)^'^ 



(m — l)2/2< 



mH + (m — l)2/t 

IMyiding, and neglectiiig the iemui confaining powen ef t 
higher than the first, 

»+/=^'— V'^* («). 

fur* 

the correction which is to be applied to the fbcal distancd olilyBed 
by equation (37). 

When the lens is eqmemniDex and €€ ^toM* wto find (art 63) that 
/ SS3 — r, to which a correction, 

is to be applied. The sign of the correction ki toontraiy lo tbat 
of the focal distance, and the effect is there^re subtractiye. The 
corrected focal length is 

» = — r + it, 

(68.) The method which has just been diown gives, at listi 
only an approximate value of the focal distance, which, however, 
is sufficiently accurate for all cases in which the thickness does 
not bear a considerable relation to the focal distance. In the case 
of a sphere used as a lens, the thickness is too considerable to use 
the method of correction already exhibited. 

(69.) Prop. XVIII. To find the focal length of a sphere for 
parallel rays. 

The supposition that the rays are parallel simplifies the question, 
without deducting much firom its utility. Since — so, equations 
(26) and (27) become, by making r negative, 

-J7 = — (49), and 

1 m m — 1 

T=ir+T — — <«»>• 

For the sphere « = 2r, r = r' ; and (50) g^ves 
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u' 85S = , whence 

m — 1 

tt' + 2r = 2r = , or, 

m — 1 m — 1 

, , n mr — 2r rim — 2) 
tt -f 2r = = — i -L . 

m — 1 ifi — 1 

Substituting this value of u' 4. 2r in (50), 

1 lit (m — 1) ifi — 1 
T ^ r(m — 2) T"*'"'' 

2_ _. m(m — l)-r(m — l)(m— -2) _ (w — 1) (m — m -f- 2) 
V r(m— 2) "~ r(ifi — 2) 

1 _ a(m-l) 
T- r(m~2)»'^'''* 

P^ r(m — 2) 
2(ffi — 1)* 

The value just found is the distance of the focus from the second 
surfiice ; call / the distance from the centre, then 

r(m — 2) 
or, bringing to a common denominator and reducing, 

f — ^^^ '''^- . . 

The rule on page 40 of the text, is given by the value of/ just 
found. 

If the refiracting sphere beofto6a«Aea',i}is 1.11145, and/s — 5r, 

of course FQ (fig. 26, text,) = — 4r. If the sj^re be of water, 

ms: 1.3358 and/ =: — 2r nearly, or F<2 (fig. 26) s—r. Fora 

sphere of glass, m =s 1.5, / = — l^r, and FQ sa — Jr. For a 

qriiere of zircoii, m «b 2, / » — r, and FQ s 0. 

(70.) Retuminfir to the discussion of the formula for the refracted 
pencil when the lens is indefinitely thin^ we take up the case next 
m order. 

Prop. XIX. 7b determine the form of a smaU pencil after re- 
fraction by a pUmo-convex Uns, 

As in other discussions, the refi'active power of the substance 
of the lens is assumed to exceed that of the medium traversed by 
the uMsklBnt pcnci], or m > 1. 

The question oinriously includes two oues; in the one, the 
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plane side is turned towirds HicidMit Bght, in the ctfcer die 
side is thus directed. 



(71.) First: when the ^ne tide is tamed Id imiitwi nj%t 
— = , wfaenoe from (28), 

±_J. = _!!!Lri.....(a, 

V u r 

From this we infisr, that the dwergencff tfufi syi i , or 
fndnud^ hy this lens^ U a eomttatd yisafiff, aa in the 
eonvex lens (art 61), hot the eflEect is leas than in tiiat iena bj 

m — 1 

, the power of the first surface ; it is not neoeaaaiy, tiievB- 



r 

fiire,tocarryotitthedi8caaBianoftfaejifopertieBofthialfln8. Thon 
win be no correction for thidmees, ur paraOd rays* no refradiaB 
being produced by the first snrfiuse. This is shown by die analysiii 

the term -7^ (in 29) vanishing, since from (26), -^ = o . 

The principal focal distance given by making — = • in (SS), 
and inverting, is 

For a glass lens, 

/ = -2r' 

(72.) Second : when the eonvex side is turned to ineideni light, 

—T = o» and r is negative ; from (28), 
r 

-L--L = -'!Lr.i (53). 

» M r 

The effect is, as in the first case, to destroy divergency in the 
incident pencil, or to produce, or increase, eonvergency ; and if we 
suppose r = / , that is, the same lens to be used m both cases, the 
effect produced is the same. 

For the principal focal distance, 

/ = - 



m—1 ' 

and for a glass lens, 

/=-2r. 

(73.) The thickness of the lens produces in this case an eflbct 
on the principal focal length, since the rays refiracted by the first 
surface fall obliquely upon the second. 
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To introduce the correctum into the vthie of the principal fooal 
iistance, we recur to equations (26) and (27) ; making, in Cheae^ 

r negative, — = o, and — = o^ we obtain, 

•* ""^ (54), 



u r 

1 m 



(55). 



ne value of vf from (54), is 

tt' = 7 V and 

m — 1 

m 
and substituting for u' + t the value just found, 

v = ^- +~ (56). 

m — 1 m 

The correction, therefore, shortens the ft{iproziniate focal length of 

the lens by — th pait of its thickness ; if the lens be of glass, 
ifi 

» = — 2r 4- ^<,or,• 
tJ t= — (2r — It). 



/ 



(74.) Prop. XX. To determine the form of a smaU peneU, after 
refraction by a double concave lens. 

In this form the radius of the first surface is positive, that of the 
second negative. When the thickness of the lens may be neglect- 
ed, we have Srom (28), 

and where an approidmate value of the thickness may be used, 
flmn(29,) 

» 

in which u' is determined from equation (26), or 

~ =J.+1i=i (59). 

ti' u * r 
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(75.) When the incident rays are paraOel, (fig. 31, p. 44, teit,) 
(57) gives 



4-<— >(t + 7) 



or calling / the principal focal distance, and determining it from 
the equation just given. 

This value being positive,^the fecus is imaynnry> and at a distanne 
enressed by ias product of the radii divided by the index of 
lennbction, Jess one, into the sum of the radiL The rule cor- 
responds to that for a double convex lens; in ftct, equations (60) 
and (37), differ only in their sign. 

(76.) Diverging rays. In this case — is positive, and, there- 
fore, as long as m > 1, the value of v, &om equation (57), will 
always be positive and the focus imaginary ; since 

-i = -1 + (m - 1) (-1 + -J.) (57). 

It appears that — ^ — , or the divergmicy of the rays is i 

ed by the refraction, (fig. 32, text) 
In a glasB lens. 






2urr' 
V = 



SiV + tt (r + /) ' 
whence the rule on page 45 of the text. 

(77.) When the rays eonvergCi — is negative, and (57) becomes 

u 

-i- = _i.+(„_i)(± + ^) (61). 

The pencil still converges, is rendered parallel, or diverges, ac- 
cording to the relation between — and (m — 1) | 1 r-V or 

u \ r r / 

its equal —r- . If — < -7- or w ^ /, — is positive, and the 
f u J t) 

rays still converge ; if — = — , or tt = /, — = 0, and the 
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refiracted rays are parallel; if — > -7-,ortt </, — is nega- 

u J V 

tive, and the rays are brought to a fbcus. This real focus is as far 
behind the lens, as the Yirtoal focus of parallel rays is in fiont of 

f 1 2 11 1- 

it. if u =^ -^ • or — = — : for then -— — 4- -?- ss -— — . 
*!, tx €• — 2 • u — / u ^ f f 

and V sss — /: the distance exceeds that just named if u > -^, 

when we shall have — -< -7- and ■ — K -?- < t » <» 

-^ < — -7- and v> — / : the revetse will of coarse be true if 
• J 

I( as was first supposed, u >/ or *— ^t^—, though the ray* 

still converge after refiniction, they converge less than before it, for 
1 . 11 

« / / 

We shall not inteoduce the correction for thickness, as it would 
be determined by the same method with that for the donUe convex 
lens. Practically the thickness of double concave lenses is of titUe 
importance, since it is least at the central parts. ^ 

(78.) Prop. XXI. To determine Ihe form of a mM peneU rfrmf$t 
ii^ier refraction hy a fUnio^etmeaveleni. 

First Wheathe concave side is turned to incident rays, _ a 

■ f' 
0, and r is positive ; equation (38) gives 

V u r ' 

' ..The divergency produced by this tens- is, dmefiwe, leas than 

that produced by adouUe concave lens, by i^ZZj^ , the «ffiBCt of, 

the second surfoce. 
Second. When theflane side Is towards. ineideni light Then 

— = 0, and r' is negative, whence, 

l--.L = <'»-^).....(63). 

agreeing with the expression found above, if the lens is the aama 
in each case^ or r a r'. 

(79.) The next form to be considered is the meniscus. 
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Prop. XXII. 7b determine the form of a gmaU peneii of light after 
refraction by a meniscus. 

When the cmuaex tide of tho memflous is turned towards inci- 
d^ UghU the signs of hoth r and r' are negativei The geaenl 
formula (28) gives 

— -. — =-(m-l)(i ]j) (^)' 

V u \ r r f 

in w^cb, by tl^e nature of this lens, r' > r, or — _ <^ — . 

r r 

From this relation of JL and JL it Mows, that J L 

r r r r 

is a positive quantity, and therofore the sign of the ri^t hand side 
of tins equation is negative. The equation corresponds to that for 
the double convex lens (35), but the divergency destroyed by the me- 

luisaus is («i -^ 1) /.i —j , while that by the double ooOTez 

lens was (m — 1) f (- ^\ . The potter of the meuiseus 

is the d^erenee between the poifiers of its two surfaces. 

(80.) l¥%en the eoneavity of the menisci^ is turned to incident 

light, r and r' are positive, and r > /, or — ^ — . 

r r' 

Equation (S8) applies directly to this case, and 

JL _ JL = - (m - 1) (-1 - — ) (65). 

Since ^ , «. is a positive quantity, hence 

r jr' r' r v 

-^ ^ — is nf^>«i^ve> EquatioM. (€5) and (€4) aro identical, the 
u 

surfiuse whioiv first received the incident rays in the case of (64), 
being now the second surface. 

(81.) For the fteus oi parallel rays, we have, from (64), 
/= ^-. "T^ (66). 

(82.) The fbrmulce just found for the meniscus apply to the eon- 
eavio-convfix len?, reooUecting thai when the convexity is turned to 
incident light r> r'y and the reverse, r" > r, when the concavity 
isthustumod. 
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For the first of these cases we have (64), 

-L_J_= _(„_!) (_L_ 4.) (64). 

which, since < _— - , will be more expressive if written 

±_i- = (™_i)(i _i) <eD. 

The second member of this equation is positive, and by referring 
to the case c£ the double concave lens (art 74), we shiul find that 
the oonvergeney destroyed by the concavo-convex kns is the d^er- 
enee of the ^ecU ofUa two ourfaeeo^ while in the douUe concave 
lens it was the sum of the same effects. 

It is obvious that turning^ the ooncave side of this lens to inci- 
dent lijjfht does not alter the efiect of the lens, as was shown in the 
case of the meniscus. 

The virtual fixMiI length of the ooncavo>oanvex lens for paraiUel 
rays, when the convex side of the lens is turned to the mcident 
pencil, is 

f^-L-.JuL^ (68). 

(83). For two opherieai turfaee» of the same curvature^ we have 
r ssssf'f and (38) gives 

J-«. i- = 
t) u 

The e^ct is that of a plane glass. 



B 
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CHAP. IV. 

FOKUATION OF nUGES BY KEFKACTtON. 

(81) The nilHect of tba (ixiiMtiMi of imagM bf knaea becomn 
ain{Je, 1^ inbodociiiE Ihe cooiideratioii of the rajr which pum 
throDf b tba tno anr&cea of the lens, >t pdnU where Ibe lu|<nli 
uc puiUeL 

P*or. XXIII. AU lie rsM ahUh tiyfer nu dtnotion £y re/ractw>, 
JV F. 




parallel to RL. Produce LL' until it interBecla tbe axis of the lens 
In O. Since, bj hypotlieeiB, the tangenls at tho points L end L' 
are parallel, the radii CL and CL' ore also parallel, and the tri. 
anglea COL and COL' arc simitar. Whence, 
CO : CO :: CL' : CL, or, 
CO = CO .£!£. and 

C'C= CO — CO = CO./^_l\. 

Callinr CL = r, C'£' = r", the tbicknesa of the lena = t, and 
CO = u', we have 

aC=CV—CV=CV—W—CV=:i' — t — r,uii 
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f'— r — « =5 u' . /_ — 1\ , or, 

u'« {f^r — . / ^ \ , and 

tt'«r — t.— I— (69). 

r — r 

This value of CO is made up of quantities, constant ftr the 
■ame lens ; from which we infer, that aU the myt wkieh experience 
no demaiUm in paaemf through a lens, loouM, y ftoAocoi t^Ur Uke 
firet Tefractimit meet tn a sti^ie point in the tune of the lene. 

This point is called the centre of the lens. 

(85.) The dietanee of the centre of a lene from the vertex of the 
firet ewHace is found, readily, from equation (fSS) ; for, since VO as 
CF— VO = r — tt', we have, by taking the ^ue of u' from 
(69) and calling r — u\ x, 

x:=r--u't=:t L- (70). 

/ — r 

The distance from the centre of a lens to the vertex of its first 
surfiice, is equal to the thickness of Uie lens, multiplied by the ra- 
dius of that surface, and divided by the d^erenee of the radii of 
the two surfaces. 

In the double convex lens, r is negative and r' positive, whence, 

X =. J . 

r' -I- r 

The sign of (x) VO shows that, in this case, it lies on the right- 
hand side of the vertex. Since - is a fraction, « < <, the 

r' -f r 

eentri is therefore between the two surfiices. 
In the equiconvex lens r'ssr, and 

* 2 ' 

The centre is midway between the vertices. It is from this cir- 
cumstance that the point, which we have defined, derives its name. 
The same remarks apply to the double concave lens, since for that 
lens r is positive and / negative, whence, 

■ X = — .— « 

the same expression which we have above. 

(86.) To use the position of the centre of the lens, in de- 
termimng the voage formed by an object, we observe, thtt iOtm 
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ray of the pencil, which proceeds from every point of the 
object to the lens, passes through this centre. This ray is called 
the principal ray or axis of the pencil, and when the lens is thin 
may be regarded as 8u£fering no refraction. It does not ^ per- 
pendicularly, nor nearly so, upon the surface which it meets, and, 
therefore, in strictness, the refraction of an oblique pencil should 
be investigated and applied to this case. Approximate results may, 
however, be obtained, hj taking the focal distance already deter- 
mined Sa a direct pencil ; this distance being found, for the pencil 
proceeding fipom eaich point of the object, we nave a series of points, 
the asseraUags of whkk^ constitutes the imagv. An ap^cation 
of this method is gifen in the ftUowing propositien. 

(87.) Prop. XXIV. Tke oipeetf of which the image iy a convex lens 
t$ requiredf it a plane perpendicular to the axis tfthe lens. 

FIg.Q, 




Let AB represent a section of the object, MM that of a double 
convex lens, PC a line drawn from ^ny point in the object through 
the centre, C, of the lens ; this line may be regarded as the axis 
of a pencil of rays proceeding from P, and may, iiu'ther, be con- 
sidered to suffer no refraction. Call a the distance DC ; m, PC ; 
and d the angle DCP : we have from the triangle DCP^ 

a = tt . cos B , whence 

1 COS0 



u 



a 



but from equation (38), article 63, 

1 _ 1 1 

V"- IT "~ y ^^' 

or substituting for — its value just found, 

4-=^'-4 (71). 

v a J 

The polar equation of a come section referred to the ftcus. 
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From this equation, inferences mi^ht be drawn similar to those, 
found in the chapter on the ftrmation of images by mirrors. 

(88.) When the otjeet »ubtend$ a smaU angle, we majr consider 
its secti<Mi as a circular arc ; the image will te, also, a circular arc, 
since if u is constant (38), v will be so ; and the arcs will, evidently, 
be similar. If the distance of the object and image, respectively, 
from the centre of the lens, be called a and v, their magnitudes 
d and d\ we shall have 

T = T ^■^■' 

being assumed very small, equation (71) gives, making cos 9 s= 1» 

1 /—a 



V of 



or 



this value of v substituted in (72), gives 



(73). 



d /— a 

As long as a >^f^f~^a is negative, and the image is real. To 
show the results of this case more clearly, put equation (73) under 
the form 

i f_ 

d "" o— /• 

d! 
If a>S^, a — /">/ and-^isafiractbUfOrtfaeimag^isleas 

than the object 

df 
When a ss 2f , — s= 1, the image is equal to the object 

For a < 5^, a — S <S% <^ ^ image is larger than the 
object 

The object still approaching the lens when a^fy -^ s= oo, 

and no image is formed. 
Next, if a </, equation (73) gives for 

d' _ f 

a positive value, and the image is now a virtual one, on the same 
side of the lens with the object. It is greater than Uie object until 
/ — a=s/, oras=o, that is, until the oUect touches the lens. 

Since the rays cross at the centre of the lens, it is evident 
that when the object and image are on the same side of the lens, 
or the image is virtual,, the latter is erect ; when on different sideti 
£2 



d /■+«• 

411 exprendon which is iIwitb [XHitive, anil a liactioti : bcnce Ibe 
ima^ ibrmed b; a concave Icdb is an Ihe ume side of the Ieiu 
with Ihe obJBct, erect, and leas than the obJEcL 

Wb ha™ spoken only of sectioiu of the object, image, and lens; 
the remarks made in t]ie chapter on the formation of images by 
inirrwB, (Chap. 11t ait. 37,) i^iply equally to this ease, 

(90.) llaviog (bund an eiproEsion (be Ihe ratio of the linear ' 
magnitudes of an object and its image tbrmed by a double convex 
lenE, if we would view this image at the dislance of distincl vision, 
(pp, 48 and 49, text.) tlie apparent miigniludo will be inereaeed, 
in llie ratio of Iho distance of the olyctt (rum lUn eye, lo the limit 
of distinct vision. Let S' express the fbnner dntance, I tbe htter, 
tbe magniQrinf power of a ontvei lens used as above iliw I ill I ill, 
win be exjofsaed bg 

'-l4-' = 4-7^. <">■ 

where / is the foal length, and a tbe distance of the object A«n 
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CHAP. V. 

BPHEBICAL ABERRATION OP HIRBOEtS AND LEN8E8. 

(91.) In the text, pages 5T and 58, the fact is aUled that the nji 
wtucb fiill apcm a aphericul minor, nt a distance firvm tlt« tMia, 
tie not converged (o the ume point, with tboBa nearer to the axis. 
TMo ia illuitrBted in the anneied Hgore, in which LM, IM bib Uie 
extreme rays of a pencil diverging from L, and F' is the want on 
the axis at wUeh Ihs reflected rayl JKF', JtfF' meet ; IM', LM' 
are two laja meeting the mirror near to its vertex D, the Iocub of 
the reflected raja M'F and M'F being at F. 



FJ* ii the aberration in length, or Imigitnii'ltU aberr^iim, of 
tbe reSocled pencil, and if fiom Fa perpendicular to the uia bs 
f MP in /, FI win be half the 

(92.) Paiir. XXV. 3b iaermitte tie oifrrotiiM o^a ftmit of Toy* 

TeJtecUd by a tfkerital mbmr. 
Fiaar ; To find tke ajnoont of the longiin^it^ aiiemtion. 

With tbe ccDtre L and radioa ZJV dascribe an arc cutting the 
axicof the niirrorhi£. According to ttw uioal uotalim Iii> >■ ■>, 
CD^t; to dirtinguiih between DF' and DF, all DF' = if 
and DF IS e, and let MN = y, the semi-bltadth of tbe portieo of 
the mirror occupied by the ponciL 

The relation dl the ■ermente CF and ZrC to the aides PJtfuid 
£W b the triangle LMP, gma (oa in Fnor. I.), 
FC_ ££ 
FM LM 
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But IM^LE^LD-^ED, and ED =^ ND '- NE, or» 
nnce ND is the versed sine of the arc MD to the radios CD^ 

fUfW2 

for the same reason NE = , or, using for LM its appnm- 

mate vahie JLD, 

NE = JL , whence, 

«' = 4(t-t)— 
"=-[-^(v-t)] 

Taking the reciprocal of this value of LEj and nefirlecting the 
terms containing the powers of the sine, y, divided fay the diameter 

3», after X. we have, 

LM LE tt L ^ 2tt V r u /A 

By a similar mode of proceeding, using the versed sines NH 
and JVZ), instead of AD and NE, we should ohtain 

jPAf jPH »' I 2v' \v' r /A 

But F'C e= r — t)', and IiO s= u — r ; and substituting the 
values of F'C, FM, LC and LM in the ratio found in the be- 
ginning of this article, 

v' I 2o' \ »' r / J 

Dividing by r and performing the multiplications by the qnanti- 
ties outside of the vinculum, in each member of the equation just 
fouiid, 

J 1 yl/J__JLV— 

= i._± + |L(i._j_y (75). 
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We have thus a general relation between v' and u in terma of 
the radius and semi-aperture of the mirror. 

(93.) If in (75) we use for i_ — J- , in the multiplier of J^ , 

V r 2©' 

its approximate value, derived from equation (1), art (7), namely 

— — — = , we obtain 

V r r u 

±__± _yi iJ L\^= 

t/ r 2t' V r tt / 

= -i_i.+ |i(i__J_)^a^. 

fitfther, by using for / 1- ---\ the v«h]6 given by (1), 

V u r ^ 

and substituting this in the ^uation last foimd, 

2._ J__ J 1^ . J^ /J__ JLV,or, 

»' r r u r \ r u/'* 

^=j._i. + j?i(_L__Ly (76). 

V r u r \ r u / 

In this equation, which gives the value of — . , corresponding 

V 

to a point of incidence distant from the vertex, we "find the recip- 
rooal of the approximate fooal length, obtained when the rays were 

supposed to meet the mirror near the vertex, namely, 

r 

— , and a correction for aberration. This correction contains 
u 

J! , a quantity proportional to the versed sine of the semi-angle 

r 

qffStM pencil, and therefore d^iendmg upon this angle, or the semi, 
aperture of the mirror ; and also r, and tt, the radios of the mirror 
and distance of the radiimt point If these latter quantities are 
constant, the aberration is a fonction of the semi-apertore of the 
mirror. Hie correction for aberration is additive, showing that 
the redinocal of the focal length, for rays distant from the vertex, 
is greater than the reciprocal focal lengtii of those near the vertex^ 
or thai the p<^t F is nearer to the mirror than P» 
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(94.) For parallel rays — = o, and from equation (76), 



1 2 , y 



2 



V' r r3L 



„'= ' 



-\- JL_, whence, 
r 

3 



2r2 _|- ya » 

performing the division, and neglecting the powers of y higher 
than the second. 

The correct urn /or aberration m, therefore, y" » ®' — "fe" » ^^ ^ 

4r of 

9ubtraeHvej and equal to the square of the semi^perture of the 
mirror divided by eight times the principal focal Ungtk. 

(95.) Sboomd : To find the lateral aberration of the extreme ray. 

The value of F/, which measures the lateral aberration of the 
extreme ray, may be obtained as follows. In the similar triangles 
/"F/ and F'M/V, 

^^ J»«^. and F/=Fi-.^^ 



FF FN FN 

WW 

To approximate to the ratio — — > F'D may be taken instead of 

F'Nf and the value of the aberration is 

MN 

FI=^FF'' ^^ (78), 

F'D 

in which all the terms are known when FF has been determined. 

(96.) We propose in this article to determine the position and 
magnitude of the physical focus of a mirror, or of the circle which 
includes all the rays of a reflected pencil, when they are spread 
over the least space. 

Prop. XXVI. To determine the position and magnitude of the cir- 
cle of least aberration, in a pencil of rays reflected by a concave 
mirror. 

In the figure let LM be the extreme ray of a pencil, incident 
upon the mirror, MF' the corresponding reflected ray, F the focus 
of rays very near the vertex. Farther, let LP be any incident 
ray, in the lower portion of the pencil ; PR the corresponding re- 
flected ray intersecting MF' produced in c : draw cb perpendicular 
to the axis, firom the point c. If we suppose the arc DP very small, 
the reflected ray PR will coincide very nearly with the axis, and 
the distance cb will be indefinitely small ; as the arc DP increasesi 
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the reflected rays being remcfyed ftrther from the uds, ei, at first, 
increases ; it afterwards diminishes as the point of intersection of 
PR with the axis approaches to F\ and when DP « i>Jlf , PR 
coincides with PF\ and eb vanishes. Between the case, then, in. 
which DP is very small and DP ss DM, there b a position of 
the incident ray LP, fyr which the reflected ray PR gives a maxi- 
mum value far eb l^Hien ei is a maximum, all the rays of the 

Fig.L 




reflected pencil pass through the circle of which that line is the 
radius, which is, thus, the physical focus of the mirror. The 
question resolves itself into determining the values of F*b and eb 
when the latter is a maximum. 

CallJ»CV,y; PT,y'; DP,v; DF.x/i FF\ the longitudinal 
aberration, a ; F'b sss x; be =s z. Since (art 93) the aberratioa 
of a ray is proportional to the square of the distance of its point 
of incidence, from the axis of the mirror. 



FR : FF' : ; PT^ : JJCV* : : y'^ ; y« , or 
W— FR : FF': : y* — y'« : y^ , whence 

FR^a 



y^-rf^ 



But from the similar triangles F'bc and PNM, 

boibP:iMN:FN,m 

bc^br.^. 

And firam the similar triangles Rbe and RTP 

Rbibe II RT: TP, or 

Rb^bc.^; 
TP 

fobftitntiiig ior ie in this expresaioii the value ftond above, 



66 CIRCXB OF IiBAST ABSMRATSOTX. APPSHDIX. 

UN RT 



toki liy the notatioii. 






If we appromnwito, by caouderiiig £7 «nd F^Niohe equal, 

Kb=iX ,-^t and 

FR=:Rb + bF'=:x,-^ + a: = x.lLLy'. 
liquating this value of FR with the one be&re fi>uiid, 
X . ^ \ - = a . - — r-2— , waence 

y y" 

'""•p-cy-j^ ('»)• 

As we have sniqpased the ray LAf to remain fixed, and LP to take 
diflerent pn■itinnl^ and ham fiamd, 

be (or 2) will be a maximum lyhen bF (or x) is a roaximnm ; but 
from (79), X is a maximum, since a and y are constant, when 
t/ (y — y^) is a maximum, or when 

y'(y — yO^y'^or 



y' = -^ 

2 



In that case, from (79), 



r3 



a: = -4L-= _^ ..(80), and, 

/^iV 4 FN 

If a perpendicular, F/, be drawn from the focus F, of rays in- 
cident near the vertex, to the axis, meeting the extreme ray MF 
in /, by article (95), 

MN _ FI 
FN FF' 

whence the value of z, or — . , becomes 

4 FN 

^ = 4^ (81). 



From these values, (80) and (81), of 9 and z, it appears, that tke 
dUtance of ike circle of letut dberraiion, from <fte focus ef raye 
near the vertex^ is three fourths of the longitudindl aMmrtion of As 
extreme ray^ and that the rodtus of the same circle is one faurth 
of the lateral dberratitm tfikt es^tm/e ray. 

Spheriad AhtfratAon of Lenses, 

(97.) In this immtigatiop wis hsgin bjr determmiBf tiie ahsmu 
tion produced by a Bingle surfiuse. We shall assume the light to 
pass from a rarer into a denser medium, as when it enters a lens 
through its first 8urfiu». v 

Pbop. XX. VII* Ts determitts tke oierrstioii pndueed by a single 
refracHng susfaee. 

Fig.K, 




Let the ray RL fall txpoa the spherical sur&oe LVsi any^Kiint 
Is and be refiwctM intp the dtrecnon LM* ContiBue LM until it 
intersects the axis «f the sui&oe, at F. Draw ths radius CL. 
Call m the ratio pf the sine of inoidenoa to that of refiraction, in 
the passage of tiie ray fiora the rarer to the denser medium, the 
sine of reHraction being unity ; &en, by proceeding as in article 
(SO), C3Mp. IIL, we find 

BC ^ PC 

From the eentres M and Fwitb the radii ML and FL, respec 
tively, describe the arcs US and l«7cdtting tile ans in 1$ and T; 
i9F will be the difierence between RV and RL^ and TF that 
between FVsgid PL, If the p«rpendiei4ar LN be let fidl, from 
i; upon the axis JRF,fifFe»lVT-.AS;aBd2T»slVr— AT. 
As in tiie notatioBof C%ap.ninl0t in^s «, jSTts «' CFei fj 
and call LN, y, JVS^ is the versed sine of the arc LS, NT of L1\ 
and NV of LVy and if fiir Ae chord of eaioh of those arcs we 
■nbetitute, asim approximate value« the sine^ we have 
F 
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or sabetitutiDg finr HL and FL, the apprazimate vakieB AFand 
FV, 

2tt 2tt' 2r 

5fF= J^V^AS= yl/JL L\,aiid 

2 V r « / 

TF= JYF— i^TzirJ^^J L\. 

2 V r a' / 

From these yaloes of SV and TV we obtain, 

2 \ r u / 

2 V r tt' / 

Taking the reciprocala of RL and F^ that is dividing unity by 
the values just found for those lines, and neglecting the terms which 
involve the quotients of the powers of y^ by those of ti, after the 

first term, | -?? — \ , we have 
V 2u2/ 

RL -nl^ttVr u/2j' 

FL u' I ^ u' \r u'l ^ J 

From the figure we have RC = RV — CVszu — r, and 
FC = FF— CF = tt' — r, and the equation for the reUtion of 
ifC, RL, FC and FL, becomes 

^['+4-(-f-4)f]= 
="^['+i-(-l-v)-f]- 

Performing the divisions by u and u\ indicated by the terms of 
the equation, and dividing both sides df the equation by r, 

\7 Z'/l ^"iTxT iT/Xj'^ 
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;=-(f-i)['+-^(f -v)*^]' 

performing the hiultiplications reqmUBcl by the expressions, 

i ± + i- ^-11 '-±yyl = 

r u u \ r tt/2 

= m (± _ 4\ + ^ (i- _ i,yil . whence, 

^= i. + («-!) _L + ^ 

[v(4--^)"-4-(4--^n <->• 

In this value of , the first two terms correspond to tho 

u' 

value found, (36) art. 50, on the supposition ihat the pencil is 
small, and the third contains the correction fi>r the aberration, pro- 
duced by the single spherical surface. 

(98.) The expression just found, may be sim^dified by substi- 
tuting in the terms of the second member for u\ its approximate 
value fix)m equation (26), art 50. From that equation 

J!L = J- + (m — 1) -L , whence, 
u' u r 

l-.=z I-IJL^ (m-.l) JL\ , and 
tt m \ M r / 

±_i,= J__J_(_L+(«-l)-L\.ar. 
r tt r m \ u r / 

r II m \ r a / 

Vr tt'/ maVr uj 

In order to reduce, with greater convenience, the coefficient of 

iL. in (82) to its simplest form, call that coefficient X:, then sub. 

III y 1 1 V 3 

stituting in it the approximate values of and | -1 , 

tt \ r a / 

just obtained, we have, 

\tt r f m^\r tt/ 

_i.(J._JLy.or. 

u \r . tt/ 
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' = (f-i)'ti(T+<"-«f)-T]' 

»=(f-T)'(f-^)-^' 

whence (82) beoomes 

(7-=fi)(f-T)'4 ^ 

(99.) When the sorfiuse is oonvez, r is nefative, and (83) takes 
thefiinn, 

m 1 m — I m — 1 

(f + ^Ht ^ ^)"- f *">• 

And for converg^ing rayn^ u being negatife, 

m 1 m — 1 m — 1 

tf* tt r III* 

(±_:M:i).(J__J.)'.^ (85). 

The term in (85) which contains the correction for aberratimi, will 
vanish if either of the factors composing it should be equal to zera 
First, let 

IT = 0, then — IE — = — , or, 

r u u r 

1 : r :: m -\. 1 : u. 

There is, therefore, no aberration for converging rays, falling 
upon a convex spherical sur&ce, when the distance of the radiant 
point is a fourth proportional to 1, r, and m -)- 1. From whence 
the result on page 56, of the text, is easily deduced. 

Next, let 

= 0, and tt = r, 

r tt 

or the incident rays converge to the centre of the spherical surfooe. 

(100.) In art 42, it was remarked that making m = — 1 in 
the formule for refraction, the cases would represent the cor- 
responding ones in reflexion. Making m s — 1 in (83) we have. 
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2i 

2 



r \r tt/ 

ir r tt r\r u / 

a result which agrees with equatioii (76), art 93. 

(101.) Prop. XXVIII. 3b deUmUne the aberration in a pencil of 
raye, after refraction by a spherical lens, 

Fig.lj. 



-'- 



IT' 




R being the radiant point of a pencil of rays falling upon the 
lens LVv'L\ let RL be the extreme ray of the pencil, and JR' the 
virtual fixnts of the extreme rays, after refraction by the first sur- 
face of the lens. If now we suppose a pencil to proceed from R^ 
considered as in the denser medium, the extreme ray of this pencil, 
R!L\ will be refracted into the direction, L'M^ which, if continued 
backward to F, will give the virtual focus of the extreme rays. 

As before, represent J?Fby tt, IZ'Fby »', and CL by r ; farther, 
let RV=^ »', FV= t», ail^r', and Fr= U 



By the preceding proposition (equation 83,) we have 

m — 1 , m— 1 

-r 



m 1 , 

tt tt r m^ 



(f-'^)(f-v)"-f 



(83). 



The case of the second surfiioe will correspond to that of the 
first, if we consider F the radiant point, and R the virtual focus ; 
« must be written in (83), for «, tr for tt', and V for r ; we then 
obtain 



m 

IT 



t> 



m 



+ 



m — 1 



(r-^)(7-T)'-f- 



F2 
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1 _^ m m — 1 m — 1 

■(v-4^)-^v-4-)'-f •••••<«'■ 

but v' s tt' + t, wbenoe J!L =: ^ , perftmuni^ tbe dhkua 

and negfecting fbA powers of t above the first, 

m m mi 

We may &rther approxiiiiate to this value of — - , by snbsti- 

9 

tutmg fiir , in the seooiid member of the eqaatioD, its ap- 

praxiimite value, firom (26), art 50, munely, 

-L = 2. /-L + :!L=iV; whence, 

m m < / 1 , m — IV'. 

t)' tt' m \ tt r / 

in wfaicfa the vahie of J!^ , firbm (83), beioff writtan, 

u 

jii^ _ ^ , m — 1 ^ / 1 I wi — 1 \' , 

tf tt r mVtt r/ 

maVr tt/\r a/2* 

By substituting for -!!L , in equation (86), its value just found, 
we have 

[(v-^)(f-v)'-(7-^) 

■(^-in-f <"> 

We see, in this formula, first, the two terms which denote the 
reciprocal of the focal distance of an indefinitely small pencil ; 
second, the correction for thickness; and, in the last term, the 
correction for aberration. 

(102.) The general formula, (87), becomes less complex, and 
gives results of considerable practical importance, whan applied to 
the case of parallel rays. 



m — 1 



m3 



Prop. XXIX. 7%e incident ray being pardlhl^ to determine the 
aberriUion of the pencil ^fterrrfrMiOtmh^m^^heneid lent. 

In this case, — =;: o, and (87) beoctmea^ 
tt 



m<*-l 



m 



i-^(.-i>(±—^)-^. (--')•+ 

The correction for thickness, contained in the second ternii has 
ahready been aeparatflly considMod, artieiss Sfii, ^, &c. ; we may 
thereftre leave it out of the qaestkm here, making in (S&T) t s o. 
Fardier, to approrimate to the vahie of v, we may BulMlnnte &r 

— in the second member of the same equation, the approximate 

value JL , or (« — 1) ( =- 1 , obtained by making — 

f \ r i' / "" u 

«= in (26), art 5a 

We have, then, firom (88), 

1 _ 1 , m — i r 1 /J m-f- 1 \ 

or, taking the value of o, dividing by the d e n omin ator time tend, 
and neglectmg the powers of/ higher than the second, 

the a^eiTatton tit leiigti^ therefiire, is represented by 

(103,) To ifiply the formula just obtained, to a double convex 
lens, r and / (art 620 must be made negative, whence 



— t or, 
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•(7+7-)']-^ « 

Thk ▼ahie of fbe abemftioit hvring the positWe ngn, wiule the 
appfozhiimte fiical length has the negative sign, its eflfect on the 
hctl kngth, tat rays not near the vertex, is sn Ur ac tiv e ; shafwiBg 
diat the film of such rays is nearer the lens, than the fijcos or 

rays incident near the vertex. 

3 
(104) For an e y n c swa gr , glau lena^ r » /, « a ..^.^ and/ 

■B r, di«igardiqg the sign, sinoe / has already been made nega- 
tive m (90) ; and from (90), 

.= i[, + a + 4-).4].f. 

5 y« 

3 r 
If we BopfKise the beam of light to occupy the whok apertore 

of the lens, y becomes the semi-breadth, and y^ = — . 2r 

nearly, or y^ s= rt, and t s 1^; writing t fiir J(— in the value 

r r 

of a, just fiiond, 

the resnlt stated in paragraph 3, page 53, of the text 

3 5 

(105.) If m = — , and r : r' : : 2:5, or r* = — r, we have 

from (36), 

Substituting these values of m, r', and / in (90), recollecting 
that / has been already made negative in that equaticm, and that 
now its value is to be placed there without regard to the sign, it 
gives, 

9 Lr» ^ VSr ^ 9 lOr / 



AT. 



• = T r + VT + 5S) At -^ la) Jir t-' 

« / 

This is the case of «n aneqtid^ convex kni, in which the more 
convex fide is turned to incident light 

(10&) In the jpIsfio-eoRoex le^ if dib plane sid6 be tnriied 

V 

tofwards parallel rays, - — isz 0, and f=z^; if the material be 

r 
3 
glass, m = ^ , and fiom (90) we obtain 

a BB 4 • 5 •^^ =s 4 . 5 1. 

The resnlt given In paragraph 1, page 53, of tlM text 

In the same lem^ with the convex side tvoed to parallel rays, 

— 3=r 0, and /s8 9r, whence fixnn (90), r and / having already 

been made negative« 

am,i.nJL = i.n.t. 
f 

The result stated in paragraph 2, page 53, of the text 

(107.) pRor. XXX. 7b determhu tht fmtio of fie radii of t&e s«r- 
fact9 of a double convex lens, wlnek ohaU produce thi$ Ua$i aher 
nrtton, wUh a given focal length tmd apsrtore. 

To solve this question we must determine the ratio of r and /, 
when « is a minonnra, / and y being constant 

Diffisrentiating the value of a given in (90)* considering r and 
r' as variable, ai!l disregarding the constant nra^pKers, we obtain, 
after changing all the signs, 



Bat £ram equation (3Q, art 68, we have 

Sobatitiitiiig in (91) this value of ~1 , and dividing hy dr 
da 3 / 1 , m 4. 1\ 

'(•7 + 7-) ^ - (— + t) V • 

which, by the question, is equal to seero. Multiplying by r> we 
obtain 

From equation (36), disregarding the sign of/, 

JL = 1 1 1 

r m — 1* / • r' * 

Substituting this value in (92), and arranging the terms 

Jl 6 3 2 2(m -f 2) 

r'a iCm-l)// "^ (m — 1)V^ /^ /i' "" 

2(m -f 1) 1 2 L—o. 
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and by transpoBitioQ and miiltij[dicati<m, 

= (5ji)F-»»-') f <^ 

If the lens is of glass, or m = _ , 

21 6 , 21 

r' f . 6 '' 

but from (36) 

1 21 361 121. 

12 '' 
Comparing together the values obtained ftr r and /, 

r : r' :: 1 : 6. 

This lens is known to opticians as the erotsed lens. 'With the 

more convex side tamed to parallel rays the aberration is -2 . SL, 

which is less than that for the plano-convex lens with the convex 
side turned to parallel rays. 

(108.) It would carry us beyond the limits of this Appendix, (o 
go into the investigation of the aberration of combined lenses. 

Befiire leaving this subject we purpose to show a method by 
which the surfiuses which refract rays accurately to a point, may 
be determined. 

Prop. XXXI. 7b determine the cunaiure ef ike autfaee of a mc 
dium^ 90 that rayofaenag itUoit^from a rarer medwm^ may ha 
refracted to a point. 

Fig* M. 




As we have fiyund a concave surftce to give oofy a virtual fteus^ 
we prooeed, at once, to examine the ease m whieh the snr&oe of 
the denser medium is convex. Let iS be the radiant point, RL a 
ray meeting the surface at L and reftaeted to Ft let JL' be a point 
farther from the vertex V than L^ RL being the incident and 



7^ iMtm^wtWBMn ABWBsuirwHm Amaaax 

L'F the Mftmeted ny ftr thii point Draw tiie pemadiralui 
X/JT and L'8 upon toe incident and r e fr acted rays RL' and X'F, 
respectively. LB! will be aeady equal to fbt& mcrement of the 
incident ray, and JLS to tbe decrement of tiw refracted ray, in 
Mfliing from the point Jb to Xr« Call AL, «', and JLF. ~ tf'. Then 
if jL' be aunmed very near to I^ £ft « da", and I^ = ^. 

In the triangle I.'Ll?', -^ "= CDtb XLI/ ss m^ neadeoce, 

and in L'I£, ^^ 
w]ienceii 



As ■ 


006. 


SLU 






sin. inddenoe 


1 or. 






= w. or. 





dipi'-^flulb's:« (MX 

the differential equation of the eor?^ ^i^^ch, by a revolntion about 
thaaxia MF^ willproduce tbe anr&oe required. To integrate, let 
JtlTatf^andiCK « — V, tbe oomidele integral of (94) wiBbe 

t/-*-ti««i(«^--*) W. 

(109.) If tbia incidant raya be faraOef, ii' — ti SIS VM^fig,^. 

Fig.V. 



V M 



If we pot VM ss A — X, (95) beoomea 

il — ar =s m (»' — «), whence, 

/ A — X 
o = «^— _^_ , or, 

m 

« = «'-.A + ± (96). 

m m 

The eqqution fiir the distance of any point in an eDiMe from 
the faiUlfr ftcoa is, (Young^ Aoalyt Geom. art 47, p. T^, 

vsss A -{- ext 

in whidi tf < 1 ; witbi thia (96) ^rrats in ibrax, and wiU be idistieal if 

i. = e s= 4- . and i/-- A == ^. 
m it m 
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Substituting for m in the second of these equations, its valuo 
'firom the first, 

v' — c = At or v' = A -{. c. 

We find, then, that an ellipsoid of which the 8emi4ra7i8ver8e 
axis is to the excentricity as the index of refraction is to unity 

I — r= ml toiU refract parallel' ray s^ accurately, to the farther 

focus. 

If a lens be formed, of which the first surface is a portion of 
the ellipsoid just determined, the second surface should be (art. 99.) 
a portion of a sphere, having the farther focus of the ellipsoid as 
its centre (Jig. 38, text). 

(110.) Equation (95) may be applied to the case in which the inci- 
dent pencil passes from a denser to a rarer medium, through a con- 
cave surface. Then FZ», FL\ Jig. M, would represent the incident 
rays, and LR, L'R the refracted rays, and the ratio of the sine of 
incidence to the sine of refraction would be represented by the 

fraction ; substituting this for m in (95) we have 

m 

u' ^u z= J- (»'— ») (97). 

m 

For the case of parallel rays, (Jig. 40., p. 55, text,) by proceed- 
ing as in the last article, making u' — u =z A — x, 

t>' — » = w (il — x), and 

u s= »' — mA -\- mx ; 

an equation of the same form with that before obtained, and re- 
presenting the distance of a point in a conic section from the 
farther focus ; in it 

m = e = — , and i/ — mA = A. 
A 

Since m > 1, e> 1, and the equation belongs to a hyperbda, 
(Young*s Analyt Geom., article 79, p. 104,) the equation of 
which is 

v'ssi A -{- mA ess A -^ e. 

If, then, we form a lens wit)i the first surface plane, and ike 
second that of a hyperholoid of whieh the excentricity is to ike $tmu 
transverse as the index of refraction, of the material of the lenst 
is to unity, parallel rays, incident perpendicularly upon the first 
surface of the lens, vml he refracted to the farther focuft of the 
hyperholoid which forms tJie second surface {Jig. 40, text). 

(111.) The oases in whieh. the aberratioii of converging rays 
upon a spherical surface is zeroi, (art 99,) are contained in (95) ; it 
is unnecessary, however, to discuss it farther. 
G 




Oft _ isi = & vik jiuq^Ljui^ 
* — J -7 = C ... le. 

- 9 iBn^ -noK IE -jM/t jmoL. ima, :aMt rva iso. 



iai — ij ^ A. :r. 




if oae iK3i» ysBiavti -a la niTniiP riKCintfv. :2ie ^iTwniii beiuui e i 
JUD "Sue XKiB It w2iMSi. 3ie rxT? viuch baw been 

113l I: is aoc naena&sa ao enoer failj 1100 
m la bach. 1 1 ift ■■■ aad . -gfa rtJi . htt to 

u eiKsaziK uui -saOT oietiHii oc Aetenninmg the Ann of ■ 
r^ zstt -v-xjaC'i mrhtx. prjcocec bj redexiaa from a 

h<i^. X3DCII. T"* rf-f-^r-rt-.xif lL* /'jrw i/ li< caustic prjJuced by 
eiif r^.iexhja «/*' < pefuru #/ rxjia /'-im i tpa^rictti mirrM-, icAf n 
ci« r«iM -i-'? jpcr&«W : ajin^ «..« vdr^it li^ r^tdtc.u jictiU is at a 
diameter' i HM-imu from tXt utrtez '^' txe mirror. 

FiKar. ^~ben the ri<:i.int pcol u infixutelY dL-stant, <-r ibe ravs 
panlkL 

LDJT representing a lecticn of the mirr<?r, let /2Z. be a raj inci- 
dent upnn i£ and reflected into LB : then, the tbcus of a small 
pencil meeting the miiror near to L will be the point F fiMind from 
the value of in the eqoatian which cooclodes art. 30, namely, 

V = -L_ . COiL f. 

2 

To eonatroct this ralae of r ; let fidl from C, CP perpendicolar 
tu the reflected ray LB^ then 

LP = LC . COB. ^ = r . COS. f , whenee, 

LP 
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Bisect jLC in £; and jLP in F, then LFE is a right angle ; the 
point F, of the caustic, is, therefore, in the circumference of a 

circle of which LE = LC is the diameter. This beinif true 

2 ^* 

of each point in the curve, the caustic curve is an epicycloid, the 

Fig. o. 




diameter of the generating circle of which is equal to tlie radius of 
the base ; this latter being half the radius of the mirror. This curve 
and the circle LDM revolving about DC, as an axis, would ^[ene- 
rate, respectively, the surface of the caustic and that of the mirror. 

SscoND. Let the radiant point be at tlic extremity of the di- 
ameter of the mirror. 

Fig. P. 




The ray RL is reflected into LB, To find the position of F 
upon LBf we recur to equation (11), art 39. 
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JL 4. i_ = ^ 



11 V r . COS. ^ 

Drawtngf CP perpendicniar to RZ#, 

LP =s r . COS. 0, whence, 

JL J. _L = ^ ^ 

tf V 



LP 




UL 


— . 


3 
tt 


1 or, 


u 
3 


^ 


LB 

3 



If CE be made = , the perpendicalar from E to LB will 

o 

mtersect it in the focus F. The locus of these foci is, therefore, 
an epicycloid, of which the diameter of the generating circle is 
to the radius of tlie base as two to one. This curve is the cardioid. 

(114.) In considering the subject in a more general point of 
view, we may determine the equation of the curve of section of 
the caustic, the position of the radiant point and section of the 
mirror being given. 

Prop. XXXIII. 7b determine the equation of the curve which is the 
geetian of m cmutie formed htf a curved mirror. The section 
being nuide hy a plane passing through the axis of the mirror. 

We refer the curve to polar co-ordinates, tlie radiant point being 
the pole. 

Fig. a. 




Let B and B' be two points very near each other upon the ctirve 
which is a section of the mirror ; let C be the centre of the oscu- 
lating circle to the curve at either of these points, so that tlie 
portion of the circle and curve n«arly coincide between B and B'. 
RB^ RB' representing two incident rays, BF^ B'F are the re- 



I 
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ffectied rays. Call J{J3 =s u, HJP == v, the angle RBC « ^, RWC 
ss ^\ the perpendicular RP, upon the tangent JBP, sb p, the ra- 
diiw CB =s CB' =s r. Join Fn and let fall the perpendicular RQ, 
upon BF. F being a point in the caustic, FR is the radius 
vector of that point and RQ a perpendicular upon the tan^nt ; 
call RFf u\ and JIQ, j/. An equation between u' and /i' will be 
that of the caustic curve. 

In the acute angled triangle RFB^ since the segment BQ =a 
RB . cos. RBQ, 

«'3 = tt3 _|_ ^3 _ 2i4p . COS. 2^ (100) ; 

and in the right angled triangle RBQ 

p* =i u . sin. 3^ (101). 

To eliminate cos. 3^ and sin. 3^, we proceed as follows. Since 
RP and CB are perpendicular to JSP, they are parallel, and the 
angle PRB = RBC = ^, and 

COS. (^ =z -E- , 

u 

But, by trigonometry, 

COS. 30 = 3 COS.* — 1, 
and 1>y substituting for cos. ^ the value just given, 

cos.20 = ^-l. 

We have also, by trigonometry, 

sm. 2^ = n/I — C08.3 20, or. 



sm 



sin.30=-?Pyi-4. 

Substituting these values of cos. 2^ and sm 2^ in (100), and 
(101), respectively, we obtain 

ii'3 = tt2 + «» — 2ttt)^^^ 1\, and 

i^^^p/^ ao2). 

The value of u'^ may be written under the more simple form, 



4p^v 

Vb - = V,» -f- Vf mmm. 

G2 



u'^ = (u + i^)» -. iLJL (103). 

tt 
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The relation between u and v given by equation (11), art 29, or 

i_ 4- J- = ^ 



u V r , COS. ^ 

maj be amilied to this case by taking r to represent the radios of 
the osculating circle, which is, 

udu 

r = . 

dp 

Substituting thib value for r, 

1,1 2 2d> 

-j- =L == ±1 , or, since 

u V udu ^ udu . COS. ^ 

. COS. 



dp 



COS. = -£- , 



u 

f- _ = — £. , whence, 

u V pdu 

V pudu 

V = E^ (104). 

2udp — pdu 

If this value of v be substituted in equation (103), we shall 
obtain a new equation, wliich, in conjunction with (102), will give 
the relation of u' and p' in terms of u, p, duy and dp. The relation 
of the last four quantities mentioned will be given by tlie equation 
of the reflecting curve and by its differential ; eliminating these 
quantities, tliere will result a single equatiun between u' and p\ 
the equation of the caustic curve. 

(115.) To give an example of this method of proceeding, let the 
reflecting curve be any ix)rtion of a logarithmic spiral^ of which 
the equation is, 

p = mu. 

The general value of v (104), is first to be applied to tliis par- 
ticular case. 

Differentiating the equation of tlie curve, 

dp = mduy whence (104) becomes 

pud u pu pu 



2mudu — pdu 2mu — p 2p — j> 

This value of v substituted in equation (103), gives 

tt 
tt'a = 4tt2 — 4m2tt2 = 4u^ (1 — m^), and 



u. 
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% 

It' a= 2tt VI — m«. 
Also, from (102), 

|»' = 2mu Jx^^a^^ 2mu ^ l-m^, 

or, eonoe we have just found 

2w x'^ 1 — m3 = a' 

|i' s mte'. 

The section of the caustic suriace is, therefore, a logafriUhmit 
€pir4d differing only in position from the reflecting curve. 



CHAP. VI. 

ON THE DOUBLE REFRACTION AND POLARIZATION OP LIGHT. 

(116.) AtthoQgfa It does not enter into the design of this Appeti- 
diz to show the method of deducing, from theOTetical considtira- 
tkmsi; any of the general laws of Optics, 1 have thought that it 
maj asset the student to give the forraulse to which these consid- 
erations lead, or which have been deduced fh>m experii&e&t, in 
certain particular cases, discussed in the text The formula, or 
general law, once remembered, the details of the phenomena flow 
naturally from it, and the memory is not tasked to recollect indi. 
vidual results. 

Double Refraction ef U^hL 

(117.) The formula which represents the law of extraordinary 
refraction in doubly refracting crystals, becomes, when the inci- 
dent ray is in a plane passing through the axis of the crystals, 

m'« = m2 — (ma -- tn'^) . sin. « (105), 

in which nC is the index of refraction of the extraordinary my, m 
that of the ordinary ra^, and ^ the inclination to the axis. In the 
spheroids constructed m the text (^figs, 77. and 79.), to rive the 
index of refraction of the extraordinary ray, if the axis which co- 
incides with that of the rhomb be called 6, and that perpendicular to 

the same axis a, then by tiie construction a = — . , and 6 = — , 

m' m 

whence (10^ becomes 

m'a = -i- — (1 L\ . sin. «*. 

Ab kmg as m > m\ or _p > _, that is a > 6,-. l-p- -^ -^f 



^ 
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(Jig.n\ will be negative, whence the term crystah with a n^ 
fwe mxia which applies to this ckiss. When m <h (Jig. 79), 

iL ^ JL or m' > m, and | — 1 becomes additive, and 

the crystals are said to be erygtaU with a posUive axU of double 
fefraction* 

(118.) In the plane of principal section the tangents of the angles 
of extraordinary and of ordinary refraction are in a constant ratio 
to eaeh other. In the plane perpendicular to this, the law of the 
sines applies equally to the extraordinary and to the ordinary ny, 
but the value of the constant quantity is different fiir the two rays. 
These are the only two cases, in which the extraordinarily refiracted 
ray is contained m the plane of incidence. 

(119.) When fight which has been polarized by double refraction, 
in the phne of principal section of a crystal Iceland spar C^|fs. 
84. uid 85., text), passes through a second crystal, the relative 
brii^tnesB of each miage, supposing that no light is lost by re- 
flexion or absorption, may be expreraed by the fitUowing formula ; 
in which On, £!?, 0«, and Eo represent the images formed as de. 
scribed on pa^ 140 of the text, a is the angle which the plane of 
principal section of the second rhomb makes with the same plans 
in the first, and il is the brightness of the incident ray. 

Oo = i. il . cos.2 a =z Ee (106). 

'' I 

Oe =^ ± A, sin.3 a z= Eo (107). 

The sum of the brightness of the four images, 
Oo J^ Ee ^ Oe J^ Eo = A (cos.^ a -f sin.-* a) = A. 

From the foregoing forniulsB (106. and 107.) we may trace the 
changes of brightness in the several images, as described in paces 
140, 141, of the text (Jig, 86.) 

When the principal sections are parallel, a t= 0, cos. a = 1, and 
sin. a = 0, therefore 

Oo=::Ee= La Oe=z Eo =zO. 

By turning the lower crystal, a assmncs a finite value and the 
vna||;es Oc, Eo appear. As a increases, sin. a increases and cos. a 
Aanmishes; Oe and £o, therefore, increase in brightness, and Oo, 
Et decrease. When a = 45°, cos. a = sin. a, and the four un- 
Wa are equally bright. The angle a increasing farther, Oo and 
iw become more and more faint, and disappear whert a =r 90^^ ; at 
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iMi zn^ Oes::zEo=i L A, The rotation of the lower iSt^Mi 

being conttnued beyond 90^, coe. a takes the negative s^n and 
increases negatively, while sin. a again diffliBisbss ; when a as 
180^, COS. a = — 1, sin. = 0, and Oe, Eb again disappear. At 
this angle the two images Ooj Ee coalesce, the two extraordinary 
refractions taking place in opposite directions. 

Polarization of Light by Reflexion. 

(120.) When U|rht has been polarized hy reflexion from a EOir- 
&oe, upon which it fells at the maximum poiariziAg^ angle^ the 
jfi^owing empyrical formula, determined by M altid. Will refiresciiit 
the intensity of the light reflected from another surface, Upbn 
which the pencil is incident at the polarizing angle: (fig. 87, page 
143, text) 

/s= A. C0S.2 a (108), 

in which f is the intensity of the reflected light, A that of the incl- 
dent light, and a the angte between the plane of incidence and that 
of the second reflexion, or the azimuth of tlie plane of the second re- 
flexion. When a = 0, or 180°, / is a maximum, and wben « =« 
90^ or 270S / = 0, and no light is reflected. 

As a ccHisequence of this law, a beam of common Hght, as far as 
brightness is conccrnod, may be represented t^ two beams of 
polarized Ught, having their planes of polarization at right angles 
to each otlier : for, the angle between the planes of polarization and 
of reflexion of the one being called a, that of the other will be 
90° — a, and from (108) we shall have, for the brightness of the 
two reflected pencils, 

/ = -4. cos.2 a 

I' = A. cos.3 (90 — a) = A. sin. '^a; 
whence, 

/ 4- /' r= il (cos.3 a 4- sin.3 a) = A^ 

the sum of the intensities, of the two supposed pencHs, remaining 
the same whatever be the angle a, which is characteristic of com- 
mon light 

Equation (108) applies to the case of light polarized by refrac- 
UoD^ And incident udob a reflecting sarfaw 4£t the angle of com- 
plete polarization, a being the angle between the plane of polariza- 
tion of the incident ray and the plane of reflexion. 

(121.) The law, deduced by Sir David Brewster, as expres8]tt|r 
the relation between the phenomena of refraction and pdUirizatiati 
by reftexum^ when light fells upon the first surfece of a body, is 

tan. P = m (109). 

P being the polarizing angle, and m the index of refraction of the 
nurterial used. 
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From this formula, if we suppose the lijzht to be incident at the 
j p lfy igingr angle, and call R the angle of refraction at tliii inci- 
dence, 

tan.P = "°'^ ; but tan. P = ?!El^ , whence 
■in. R COS. P 

sin. J{ = COS. P, (110), 

or the maximum pclarizing angle is the complement of the cor- 
responding angle of refraction, and the reflected ray is perpen- 
dicular to the refracted ray. 

(123.) If the light which has passed through the first surfiioe 
ftH upon a second, parallel to the first, the an^fe of incidence upon 
tbe first sur&ce being P, that on the second is R, and J{ = 90 — 
P (110) ; whence, 

tan. R ss cot P : but cot P = = , and therefore, 

tan. P m 

tan. 12 = .1- 
m 

or the tangent of the incidence upon the second surface is the 
index of m refiiction firom the denser to the rarer medium. R ia, 
therefore, the angle of polarization for the second surfoce, and the 
light reflected from that surfiice, as well as that from the first, will 
be polarized. 

Lmo of Partial Polarization of Light by Reflexion. 

(123.) Sir David Brewster has verified by an extensive series of 
experiments a law, which is due to Fresnel, by which the eflfect 
of any number of reflexions, on the inclination of tlie planes of 
polarization of a beam of light, may be determined. The fiSSocX 
of a single reflexion at an angle differing from the pdariziiig angle, 
is given by the equation 

tan. = tan. x cos- (» + *') (ni), 

COS. (i — »') 

in which formula, t is the angle of incidence, i' the corresponding 
angle of refraction, x the primitive inclination of the |dane M 
polarization of the polarized ray to the plane of reflexion, and ^ the 
inclination of tlie same planes aflcr reflexion. The angle t — t" is 
evidently the deviation produced by refraction, and i -^ t' is the 
supplement of the angle between the ref)racted and reflected rays. 
Vfhsji X = 45°, the case considered in the text, p. 150, tan. x =r 1, 
and 

tan. # = '^- (' + ^ (112). 

cos. (» — »') 
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(124.) The efl^t of auecesaive reflexiona of a pencil of commoii 
light, or in which x = 45°, may be deduced from the first equation 
& the value of tan. (HI) ; for if represent the inclmaSon of 
the plane of polarization to that of reflezian after n reflezions, 
tan. 9 ^ tan." 0, x and preserving the same relations to each 
other oiler any number of reflexions ; whence, 

tan. 9 ="*•<♦ + *')• (113). 

COS. (t — 0" 

Since tan. = tan." 0, and by the supposition tan. ^ is not zero, 
It appears that although partially polarized light may have its 
planes brought indefimtely near to paraUelism, by increasing the 
number of reflexions, yet tan. 0, and therefore 0, cannot become 
absolutely equal to zero by any number of reflexions. 

The rormula for the quantity of the apparently polarized light 
could not, advantageously, be introduced in this piaoe.* 

Polarization of Light by ordinary Refraction. 

(1^.) From an examination of the efl^t produced by a singlo 
surface upon the two planes of polarization in the beam of oommoii 
lifht. Sir David Brewster inferred, that it depended upon the angle 
of deviation of the ray, and was represented by the formula, 

cot = cos. (i — (114). 

in which ^ is the inclination of the planes of polarization to the 
plane of the refiraction, and t and t' the angles at incidence and 
refraction of the ray. When i — i' = 0° or t = 90°, cos. (i — f) 
&= 1, and cot = 1, or = 45°, and no change is produced fai 
the inclination. When i — t' = 90°, cos. i — t' &= 0, and cot ^ 
= 0, or = 90°. 

When the light is not common light, or light in which the 
nlaiies of pphrizarion are inclined 45° to the pkne of refraction, 
if :e be taken to represent the inclination of the planes of polariza- 
tion of the beam to the plane of refraction, 

cot =3 cot X, COS. (t — i') (11^)* 

If the light fidl upon a second surface, parallel to the first, x for 
that snr&oe is the value of ^ found for the first, and if be called 
the inclination after n refractions, 

cot = cot» ^ =s cot" X, COS." (i — (116). 

When cot x = 1, that is, in the case of common light 

cot0=cos.- (i — »0 (117). 

(1S&) By oombining this fbrmula with that for Che partial polar- 
ization bj reflexion, we can readily obtain the etfect produced upon 
light, which shoi^ reach the eye, after two refractions, at the first 
Burfiioe of a plate, and an intermedbte reflexion at the second 
surftoe. . 

• Sir D. BrewBter, in PkiL Trans. (Lon.) 1830. 
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Let f represent the mdinatioo of the plane of polarintiw k 
that of refiractioQ, after refraction hy the firat aurfiMse of tlM phli; 
f' the Jnelinatim prodnoed by the reflexioo at the ■ecoadaariMtj 
and f " that prodoeed by the second refraction at the finft mmitti 
as the ray emerges. Calling, as befive, t the angle of inddaHi 
on the first sur&ce, V that ^ refraction, and x the incfinatiaB d 
the planes of polarization of the incident U^it to the plane of isei 
dence ; then from (115), 

cot ^ = coL X , cos. (i — i'), or tan. # = ^^'^ * 



From formula (111), for partial polarizatioii by reflexion, 

t.n.<y- W^ C0S.(i-f »- .-t,» , «»■(»• + »^) 

COS. (i — i') coB.(t — r)* 

Equation (115% applied to the second sorfaoe of the plate, gives 
cot ^^ = cot ^' . ooe. (i — %'); 
whence, by substituting for cot ^' the reciprocal of the Taloe jet 



tand for tan. ^', 

cot ^" = 



C0B.(» — t*)3 



tan. X 



COS. (i + T) 

cot *" = cot X . iSfliL^ill .. 

COS. (i 4- r) 

For cxNumoii light, in which x = 45^, 

cot ^ = COS. (t t'), 



or. 



(118). 



tan. ^' = *^- ^* -H '^) 



(119). 



COB. (t — t')3 

cot 0" = ^^•^'~''>' .... 
COS. (» -j- i) 

If, in this latter ca.se, 

cos. (t — 1')3 = cos. (i 4- t"), 

cot^"= 1, or ^"=45°, 

and the light polarized by the first refraction and the intermediate 
reflexion, will be restored by the refraction at emerging, to the state 
of common light. The above equation will be satisfied in glass of 

which ^'JL = m = 1.525, at 78° 7'. 

Rin. if 



If cos. (i — i')^ ^ COS. (i 4- i'). which would occur by din»m. 
ishmg i, cot (p" > 1, and <p" < 45°. 

If COS. {i--i')? = cos. (t 4. i') tan. <p' =z 1, 0' =45°, orthe light 
Dohu-ized by the first refraction is restored to common Ught by the 
^•non. When refracted at the second surface, since. 
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COS. (t -f r) COS. (t 4> r) 

COt^''sO0«.(t — t'), 

or the light is repoiburized at the second refractiQii, and the eflbet of 
the plate is that of a single sur&ce.* 



CHAP.Vn. 

OF THE BAINBOW. 



(127.) To exjilain the theory of the ndnhow, we begin by the 
ftOowii^^ proposition. 

Prop. XXXIV. Any qf light etsUn a refiraeting apkere, i» re- 
flected any number cf times, and emerges ; to determine ike devia- 
tion when it is a maximum, or minimum, 

Fig,R. 




Let RL be a ray of liffht, meeting the refracting sphere LMNP 
at Lt and refracted into iM: LM meeting the second sur&ce of 
the sphere at Jl^ is in part reflected into MUi, whidi fiurther suffers 
reflexion at li^t taking the direction NP; that part of JfP which 
is not reflected, passes oat of flie sjdiere, being refraifted into the 
direction PF. By the kw of reflexion the angles CML CJIGf, te, 
are all eqnal to CLM the anffle of refraction at the nrst sorftoe; 
the aai^ of emeigeiice JPJr is, theveftra^ aqoal to the «Dgle.of 
incidence RLE, Gall the angls of incideace f , that of l e fi ra di en 
0' ; the angle of deviation of tiie refracted ray L]||£^ or the angle 
HLM =0 — 0' ; the angle of deviation at emergence, or the angle 
JV!PI7 = ^ — ^';aiidthe8anQrtiiBdevlatioiisii9(^.«»f'.) lie 
deviation produced by the first reflexian, or EBlNsss 180 — LW9 
CSS 180 — 2^\ and at each succeeding reflexion a new deviation of 
equal amocmt is prodaced; the total deviation, tiierdte, after n it- 

*Mevrfr1iy8irO.Bre«8lsr,iB FMl. Tumme. {hon.) UM 

H 
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nftsetion tod nfleetioB if, edKn; < the Mai 

J = 180. — aif' + 2(f-f '0 or 
j»180B+2f — 3(>+l)^ (Hi). 

la wiiidi eqoatigo f and f' mre munffrfr i i bj the r i ji M li iM ^ (17, 
•ft 390 

nn. f ss a. BO. f ' (17). 

When 3 is a miiimnin or miniimmi, di ^m, ani hf dtfanm- 
tiatiiif (120,) ooofldering f and f ' as Taiiafaie, 

2df^Uiu + l)4lf' = «,or 

rff = (« + I) ilf^. 

Bj difeentiatuig (17), 

d, an. ^ B m. 4 an. f^, or 

COS. ^ . ^ a M. COS. f' . ^'s 

In wbicfa snbstitirting the fahie just found fir if^ 

(« 4- 1) 008. ^ . d^' =3 m COS. f ilf', and 

(« 4- 1) 008. f ss m . 008. f '• 

To combine thb with (17), square both equttons and add^ ve 
hsTO 

sfa. «♦ -f. (« + 1)». 008.* ^ = »». (sin.* f + COS.* f^; 
but, iin.s ^ » 1 ~ cos.* ^, and sm.* f 4. cos^ f ' » ], whence 



coe. 2^ = "' r = * = "* —^ and 



008.2 0^ 

rns — l 


(n + ] 


l)»— ] 
m2 — 


7 

1 
2n 

• • • 


f 1 =m2 
_ ma— 1 


(n + l)^- 


-1 


11(114.2) 


OOB. ^ = 


/ma 


— 1 

► 4-2) 


. . (121), 



(128^ The primary rainhoto is Ibrmed by two refiracttons and 
one reflexion of the son's light, by drops of rain, as shown in Jig, 
134, page 224 of the text 

Prodocing the incident and emergent mys RF and Oq, until 
they meet at q ; (120) gives by making n s 1, 

i =180 4. 2^— 4^'. 
The angle 9 (£^0) is the supplement of the deviation ^, whence 
9 « 4^' — 2^ (122), 

and since 9 increases as i diminishes, 9 is a maximum when ^ is a 
minimum. Near the maximum value, q will change less for a 
given change of incidence than at other values ; and near this man- 
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mum, therefore, the incident pencil will emerge most copioUBly, and 
aflfect the eye most strongly. When ^ is a minimmn, we have from 
the preceding article, by making n = 1 in equation (121), 

COS. = y*^i=:i (123); 

o 

in which, if for m, the index of refraction of water {ot the di^ 
ierently colored rays be substituted, the angle of incidence will be 
found at which each color is most cojaously transmitted to the eye. 
The angle q will be given at the same time by equation (12^), and 
by the relation, 

sin. SB m . sin. 4>* (17). 

To determine the limits of the value of q for the differently , 
colored rays, we take the value of m for the least and most refran- 

108 
gible of those rays : for the red m ■=, — , and for the violet m 

109 
:= These values substituted for to, in equation (123), wo 

obtain from (123), for the red rays, 

cos. = .5092, = 590 21', and sin. = .8603, whence from 
(17) sin. ^' = .6452 and 0' = 40^ 11' ; therefore from (122), q = 
I6O0 44' — 118° 42' = 420 2'. 

For the molet rays the same equations give, 
cos. = . 5199, i> = 58° 41 J', and sin. ^ = .8543; whence sin. 
0' = .6352, and 0' = 39° 25', and j' = 157<' 40' — 117° 23' «= 

40O ir. 

The breadth of the bow is measured by the angle qO(j[ s OnR -— 
^' =5 — gf = 420 2'— 40^17' = 1° 45'. This supposes the 
rays to flow from a point The angle q being greater than ^, the 
line Oq is above CV, and the red is the highest color in the bow. 

(129.) The sectmdary rainbow, shown in the same figure of the 
text, is formed by two reflexions and two refractions: it corresponds 
to the case of m = 2 in the formula for the deviation. From this 
formula (120) 

« = 360 + 2^ — 6^' ; / 

but the angle OqO between the incident and emergent rays is the 
excess of Uie angle of deviation above two right angles, whence 

^ « 180 + 2^ — 6^' (124). 

By the «ame reasoning which was used in the precedhig article, 
it may be shown, that the difrerent colors will be transmitted most 
copiously, at incidences given by equation (121), in which n =s 2, and 
m is the index of refraction corresponding to the colored rays of 
which the incidence is sought From (1«1) 

cofl.# = y^lEi (125). 

o 
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The niotiao of ^ and ^' is given by 

BUi» ^ sa fR • nil* . • • • • (It)* 

TbB limitB of the value of q will be found by placing for m in 
(135), and (17), the index of refiractioa for the least and moet 

refirangible rays, or m = -_ and m = -_ . 

By proeeeding as in the last artide, we have for the red rays : 
ooB. » .9118, » 710 m\ sin. f « .9501, sin. f « . 7136, 
^' « 450 ar, and J « 50° ST. 

For the tfiolet raya: cos. ^ = .3184, = 7P 27}, sin. ^' = 
.7046. 0's= 140 48', whence j'= 540 7'. 

The angle, ^^ for the violet rays, being jgrreater than the cor- 
responding angle for the red, the violet is higher than the red, in 
the bow ; the cdkurs are therefore inverted in relation to those oi 
the primary. The angle f'O? = 9^ — 9 =: 3^ 10'. 

•The angular distance between the bows, gOq = 50° 57' — 42^ 

2'= 8° 55'. 

(130.) The breadth of the bows, and of the space between them, 
having been measured on the supposition that the nys flow from 
a point, eorrectioQ must be made for the apparent diameter of the 
s(uar disc, .which is about 32'. On this account the breadth of 
each bow is increased by 32', so that the primary is 2° 17' in 
breadth, and the secondary 3° 42'. The breadth of the space be- 
tween the two bows is, thus, diminished by 32', and is 8^ 23'. The 
^ngle» 7» for the highest red of the primary bow will be (42^ 2' 4. 
16^ 42° 18'; whence, if the sun is more than 42^ 18' above the 
horizon, the primary bow is not seen ; the corresponding limit for 
the secondary bow is 54° 23'. 

(131.) A portion of the light wlncli enters any drop of rain, is 
lost at each reflexion : for, by art. 41, in order that total reflexion 
shall take place at the separating* surfkce of the denser and of the 
rarer medium, the relation m sm. 0'= 1, or > 1, must subsist; 
but from the investigation it appears, that sin. <p is always less 
than unity, and tliat the condition necessary to total reflexion is 
never satisfied. The colors of the secondary bow are therefore 
fainter than those of the primary. 

The metliod of investigating the theory of the bows formed by 
three or more reflexions combined with two refractions, must be 
obvious from what has been said in relation to the primary and 
secondary bows. 
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A. 

Aberration, spherical, of lenses and 
mirrors, 51 ; loogittidinal ; lateral, 
52. Appendix, 55. By a single re- 
fracting surface. App. 61. By aJens, 
A pp. .65. Valnes of, for difRtrent 
lenses, 56; App.ti8. Chromatic, 74. 

^pinus, M., his experiments on ac- 
cidental colors, 356. 

Air, the absorptive power of, 130. 

Amid, professor, of Modcna, pro- 
poses various forms of the camera 
fucida, Tree from the defects of Dr. 
Wollaston's, 278. Revives the re- 
llcctinjE; microscope in an improved 
form, 386. 

Analcimc, the polarizing structure 
of this mineral ; derives its name 
f^om its property of not yielding 
electricity by friction, 183. 

Arago, M., the colors produced by 
crystallized plates in {wlarized 
light, studied with succesis by Biot 
and other authors, first discovered 
by. 157. 

Archimedes, the manner in which 
lie is supposed to have destroyed 
the ships of Marccltns, 264. 

Atmosphere, the refractive power of 
the, 315. 

Axis, of lenses, 33. 

B. 

Barlocci, professor, hiscxpcrimonts: 
finds that the armed natural load- 
stone had ita power pearly doubled 
by twenty-four hours* exposure to 
the strong light of the sun, 85. 

Barlow, his achromatic telescope, 
304. 

Barton, John, produces color by 
grooved surfaces, and communi- 
cates these colors by pressure lo 
▼arions substances, 106. 

Batsha, the tides t>f, explained by 
Newton and Halley, 119. . 

Banmgartner, M., his experiments : 
discovers that a steel wire, some 
parts of which were polished, the 
other parts without lustre, becomes 
magnetic by exposure to the white 



light of the sun ; a north pole ap- 
pearing at each polished part, and 
a south pole appearing at each un- 
polished part ; obtains eight poles 
on a wire eight inchcs.long, 84. 

Beams, solar, diverging, 233; and 
converging, 234. 

Berard, M.,liis exneriments on the 
heating power of the K|)ectrum, 82. 

Berzelius, M ., his experiments on ab- 
sorption, 133. 

Biot and Arago on polarized light, 
149. 

Blaclnidder, some phenomena both 

Sf vertical and lateral mirage, 
een by him at KingGeorge^'s Bas< 
tion, Leith, 319. 

Blair, Dr., his achromatic lens, 77. 
Constructs a prism telescope, 303. 

Bodies, absorptive power of; the na- 
ture of the power by which they 
absorb light, not yet ascertained ; 
all colored transparent bodies do 
not absorb the colors proportion- 
ally, 120. Absorb heating rays un- 
equally, 316. Natural, the colors 
of, 235 and 320. 

Bo vista lycoperdon, the seed of, 101. 

Boyle, his observations on the coloii 
of thin plates, 90. 

Brercton, lord, his observations on 
the colors of thin films, 90. 

Buchan. Dr., case of unusual reflex- 
ion, 222. 

Buflbn, constructs a burning appa- 
ratus ; the i^nciple of it explained, 
264. 

C. 

Camera obscura, «n optical instru- 
ment, invented by the celebrated 
Baptista Porta, 374. 

Camera lucida, invented by Dr. Wol- 
laston, 377. 

Cameleon mineral, 339. 

Carbon, sulpburet of, of great use in 
optical researches ; employed as a 
substitute for flint glass by Mr. 
Barlow, 305. 

Carpa, M., and M. Ridolfi, repeat 
Dr. Moricliini's experiment with 
success, 84. 



* The Appendix refprre<I to is that of the American editor, unless when 
the contrary in expressly stated. 
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Ouna, oil'of, 31— 7S. 

Cfttoptrics, 13. App. 9. 

Caustics formed oy reflexion, 53. 
App- 74. Formed by refraction . 09. 

Cbarcoal the most absorptive of all 
bodies, 120. 

Chevalier, M., of Paris, makes use 
o1 a meni^us prism fur the ca- 
mera olwcura, 371. 

Christie, Mr., of Woolwich, his ox- 

Biiinient confirmed by those of M. 
arlocci and M. Zantcdescbi, 84. 

Coddinfton, Mr, hisobservsktionson 
the compound microscope, '•2r*4. 

Colors, accidental, and coloro'l 
shadows, 354. Phenomena of, il- 
lustrated by various expertincnttf, 
253. 

Compression and dilatation, their 
optical influence, 2U3. 

Crossed lens, App. 69. 

Crvstals with one axi» of double re- 
fraction, 138. Whether mineral 
bodies or chemical substances have 
two axes of donble refraction, 13!). 
A list of the primitive forms of, 
according to Hauy, 134. With 
one axis; system of colored rings 
in, ITS. The influence of uniform 
heat and coM on, 203. Composite 
exhibited in the bipyramidal sul- 

Ehate of pot(ls^, 30d. In apopliyl- 
te, ib. 7n Iceland spar, 20H. The 
multiplication of images by the 
crystals of calcareous spar with 
one nxif, 210. Different colors of 
the two imaged produced by dou- 
blo refraction in crystals with one 
axis, :;!11. 

Cubes of fflass with double refrac- 
tion, m 

Curves, caustic, formed by reflexion 
and refraction, 58. App. 7-1. 

Cylinders of glass with one positive 
axis of double refraction, 107. 
With a negative axis of double 
refraction, 198. 

D. 

D'Alembert, 304. 

Davy, Sir Humplvy, repeats Bcrard's 
experiments on the heating power 
of the spectrum in Italy and at 
Geneva; the result of these ex- 
periments a confirmation of those 
of Dr. Herschel, 83. 

De Chaulnes, duke, 98. 

Descartes, 54. 

Deviation, angle of, 33. App. 37. 

Diamond, 31. 

Dicbroism, or the double color of 
bodies, 210. 

Dioptrics, 26. App. 20. 

Dispersion, irrationality of, 73. 



Dispersive powers, table of, Autbofi 

App. 310. 
Di Torre, father, of Naples, his im* 

pmvement on Dr. Hookers spheres 

for microscopes, 280. 
Dollond, Mr., the actaroroatic tele* 

eeope brought to a high degree of 

perfection by, 76. 

E. 

EllitKoid, 54. Appw Ti. 

Engiefleld, Sir Henry, 81. 

Eriometer, an instruiaent f rop o t e d 
by Dr. Young, a description of it ; 
and the manner in which it is to 
be used, lOL 

Eye, the human ; the structure and 
f.mctions of, 240. The refractive 
powers of bumors of, 3^ The in- 
sensibility of, to direct impressions 
of faint light ; duration of the im- 
pressions of light ou the retina, 
250 and 331. The cause of sin- 
gle vision with two eyes, S6L Tito 
accommodation of, to dtflbrent 
distances, proved by various ex- 
periments, 352. Long-sightedness 
and short-sigbtedneaa aocoanted 
for, 253. Insensibility to particu- 
lar colors, 259 and 333. 

Eye-pieces, achromatic, Rmnsdeo's ; 
in universal use in all achromatic 
telescopes for land obiects, 30L 

P. 

Faraday, Mr., his observations on 
glass tiuged purple with manga- 
nese ; its absorptive power altered 
by the transmission of the solar 
rays, 124. 

Fata Morgana, seen in the straits of 
Messina, accounted for, 218. 

Fibres, minute, colors of, 101. 

Fits, the theory of, superseded by 
tlie doctrine of interference. 111. 

Fluids, circular polarization in, dis- 
covered by M. Biot and Dr. See- 
beck, 188. 

Focal point, 18. 

Foci, conjugate, 18. App. 15. 

Focus, principal, for parallel rays, 17. 
rules for finding the principal ; fur 
convex lenses, 41. App. 38 ; for 
mirrors, 17. App. 14. Distance from 
centre, a mean proportional, &c., 
App. lb. Physical, of mirrors, App. 
59. 

Fraunhofer, M., of Munich, !ii8 ob- 
servations on the lines in the spec- 
trum, 78 ; perceives similar bands 
in the light of planets, and fixed 
stars, 79. fUuminatifig power of 
the specti um, 80. 

Fresnel, M., explains the phenomena 
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of inflexion or difiraction of light, 
86. Fonnula for polarization of 
Uflit by reflexions, not at maxi- 
mum p^arizing an^le, App. 83. His 
ezperiDient on the interference of 
tmlarized light, 180. Discoveries 
of, on circular polarization, 189. 

6. 

Glasses, plane, 31. Multiplying, 273. 
Refraction of light through plane, 
:Mi. A^. 35. Aciiromatic opera, 
with single lenses, 904. 

Gordon, the duchess of, 91. 

€k>ring. Dr., his improvements in all 
kinds of microscopes; introduces 
the use of test objects, S87 ; a work 
published by him and Mr. Pritch- 
ard on the microscope, 281. 

Gray, Mr. Stephen, 280. 

Gregory, James, the first who de- 
scribed the construction of the re- 
flectinp^ telescope, 291. 

GrimaMi, his discovery of the in- 
flexion or difiraction of light, 86. 

If. 

Hall, Mr., inventor of the achro- 
matic telescope, 76. 

Ualley, Dr., his observations on the 
rainbow, 238. 

Halos, 227. The colors of, described ; 
the origin of, and how produced, 
232. 

Bare, Dr., observation on translu- 
cency of gold leaf, 320. 

Haiiy, the abb<^, discovers the want 
of electricity by friction in anal- 
ctme, 184. 

Heat, the influence of, on the ab- 
sorbing power of colored media ; 
analogous phenomena in mineral 
bodies, 123. Heat and cold, tran- 
sient influence of, 197. 

Hersehel, Mr., his discovery of an- 
other pair of prismatic Images in 
thin plates of mother-of-pearl, 105. 
The principal data of the undula- 
tory theory given by, 119. The 
results of many authors on the 
sut^ect of colored flames, given 
by, 194. His discovery that in 
erystala with two axes the axes 
change their position according to 
the color of the light em[rfoyed, 
134. 

Hersehel, Sir W., his experiment of 
the beating power of the spectrum 
confirmed by Sir Henry BnglefieTd, 
81. Ink amdied by him for obtain- 
ing a white image of the sun, 121. 
Constructs a telescope, 40 feet 
long, with which he discovers the 
sixth satellite of Saturn, 296. 



Hevelius, bis observations on a pa- 
raselene, 230. 

Home. Sir Everard, his description 
of the pearl, 105. 

Hooke, Dr., constructs small spheres 
for microscopes, 280. 

Huygens, his discovery of the law of 
dduble refiraction in crystals. 131 ; 
determines the extraordinary re* 
fraction of any point of the 
sphere, 132. Publishes an elaborate 
historv of halos, 331; hhi discov- 
ery of the ring and the fourth sat- 
ellite of Saturn, 389. 

Hnddart, Mr., several cases described 
by him of unusual refraction, 316. 

I. 

Iceland spar; of what composed; 
found in almost all countries, 126. 

Image by mirrors, curvature at ver- 
tex of, App. 94. Change of form 
by change of distance of object, 
App. 34 ; formed from section, App. 
28 ; by a convex lens, A|q;i. 52 ; by 
a concave lens, Aiq[>. 54. 

Incidence, angle of, equal to angle 
of emergence, 14. App. 39. Plane 
of, 14. 

Induration, the influence of, 205. 

Ink, diluted, absorhn all the colored 
rays of the sun in equal propor- 
tion ; applied by Sir William Her- 
sehel, as a darkening substance, 
for obtaining a trhite image of 
the sun, 121. 

Interference, the law of, 115. 

lolite, properties of, 211. 

Iris ornaments invented by John 
Barton, Esq. 107. 



Jansen, his invention of the single 

microscope, 279. 
Jurine and Soret, observation of an 

unusual refraction, 218. 

K. 

Kaleidoscope, formation and prin- 
ciple of the, 962. 

Kircher, the inventor of the magic 
lantern, 376. 

Kitdiener's, Dr., pancratic eye-tube, 
302. 

L. 

Landrlani, 81. 

Lantern, magic, invented by Kir- 
cher, 27B. 

Latham, Mr., 331. 

Lerebours, M., has lately executed 
two achromatic object-glasses, 
which are in Sir James South's 
observatory at Kensington, 300. 
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Lehot, his work on the &eat of vis- 
ion, 344. 

Lo Maire, 51. 

Lens, spherical, concavo-convex, 
double-convex, plano-convex, dou- 
ble-concave, plano-concave, 31 ; of 
least aberration, App. 09. 

Lens, a plano-convex, the inrincipal 
focui of, 43. App. 43. Plano-con- 
cave, refraction by, App. 47. 

achromatic, 76. 

Lenses, the formation of imagea by, 
App. 50. Their wagnifyiug power, 
4ti. Convex and concave, S)7. App. 
37, 45, and 54. Burning and illu- 
minating, 368. 

Lenses, polyzonal, constructed for 
the Commissioners of Northern 
Lighthouses; introduced into the 
principal French lighthouses, 969. 

Light, the velocity with which it 
move«; moves in straight lines, li. 
Falling upon any suruice, the an- 
gle of its reflexion equal to the 
angle of its incidence, 14. The to- 
tal reflexion of; 34. App. 37. Re- 
fraction of, through curved sur- 
faces, 37. Refraction of, through 
spheres, 38. App. 43. Refraction of, 
through concave and convex sur- 
faces, 40. App. 31. Refraction of, 
through convex lenses, 41. App. 
37. Refraction of, through concave 
lenses, 44. App. 45. Refraction of, 
through meniscus and concavo- 
convex 1«mis(;s, 45. App. 48. On the 
colors and(lec(unpositicm of white 
lifjht, the corapt)sition of, discover- 
ed by Sir I. Newton, G3. Diftprent 
refrangibiiities of the rays of ; re- 
composition of white li^ht, 65. De- 
coiniK)sition of. by absorption, 67, 
and 315. The inflexion or diffrac- 
tion of, 86. Several curious prop- 
erties of, 107. The interference of, 
111. The absorption of, 120. A 
new method proposed of analyzing 
white light, 124. Double refraction 
of, first discovered in Iceland spar, 
1^. Polarization of, by double re- 
fraction, 138. Partial polarization 
of, by reflexion, 149. App. 82; and 
by ordinary refraction, 152. App. 
83. Polarized, the colors of crys- 
tallized plates in, 182. The action 
of metals upon ; absorptive powers 
of, 210. 

Loadstone, various experiments by 
professor Barlocci and Zante- 
deschi on the magnetizing power 
of light on, 85. 



M. 

Magnetism, experiments illotAcitive 
of, as developed by light, 85. 

Malud, M., discovers the pirfariza- 
tion of light by reflexion, 143. 
Law of, App. 81. 

Mariotte, his curious discovery that 
the base of the optic nerve was 
incapable of conveying to the 
Inrain the impression of distinct 
vision, 343. Theory of vision 
proved by comparative anatomy. 
244. 

Megascope, a modification of the 
camera obscura, 376. 

Melloni, Signor, observations on ab- 
sorption of heating rays of spec- 
trum, 316. 

Meniscus, 33. Its effect on parallel 
rays ; its effect on diverging rays, 
45. App. 48. 

Microscope, single, 51. Tin magni- 
fying power of; invented by Jan- 
sen and Drebell, 379. Made of 
garnet, diamond ruby and sap- 
phire, 280. 

reflecting, 51. First 

proposed by Sir Isaac Newton ; re- 
vived in an improved form by pro- 
fessor Amici of Modena, 886. 

compound, 383. 

solar, 388. 



Microscopic observations, rules for, 
2.S7. 

Mirage, a name given to certain ef- 
fects of unusual refraction, by the 
French army, while marching 
through the sandvde.^erts of liower 
Egypt, 21H. 

Mirrors. 13. Images formed by, 22. 
App. 23. Concave, formation of 
images by, 23. App. 24. The prop- 
erties by which they are distin- 
guished, 265 ; used as lighthouse 
reflectors, and as burning instru- 
ments, 2f)6. Convex, formation of 
images by, 24. App. 26. Plane, 
formation of images by, 25. App. 
26. Spherical aberration of, 57. 
App. 55. Plane and curved, 361. 
Plane burning, the effect produced 
by a number of these, 264. Plane, 
reflexion by, App. 13. 

Mohs, prismatic system of, 173. 

Morichini. Dr., his experiment on the 
magnetizing power of the solar 
rays, 83; magnetizes several nee- 
dles in the presence of Sir H. 
Davy, professor Play fair, and other 
English philosophers, 84. 
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Motber-of-pearl, the pincipal colon 
of, obtained from the shell of the 
pMurl oyster ; long employed in the 
arts; the manner in which its 
colors may be observed, l(Ki. 

N. 

Newton, Sir baac, his diacovnry of 
the composition of white light, 63. 
Becomposss white light, 65b la- 
flexion or diffraction of light de- 
scribed by, 86. His method of pro- 
ducing a thin plate of air ; com- 
pares the colors seen by reflexion 
with those seen by transmission, 
93. His observations on the colors 
of thick plates produced by eon- 
cave glass mirrors, 07. His theory 
of the colors of natural bodies, 236. 
His experiment of accidental co- 
lors, 856. Was the first who applied 
a rectangular prism in reflecting 
t«le8copes,370. Executes a reflecting 
telescope with his own hands, 391. 

Non- luminous bodies, 11. 

O. 

Objects, test, the use of, introdaced 
by Dr. Goring, 287. 

Oblique pencil, cases of, App. 19 ; re- 
flexion by mirror, App. 19 ; which 
crosses axis of mirror, App. 23. 

Opacity, 339. 

Optical figures, beautiAiI, how pro- 
duced, 303. 

Optics, physical, 63. 

Oxides, metallic, exhibit a tempora- 
ry change of color by heat, 239. 

P. 

Parabola, 58. 

Parker, Mr., of Fleet-street, executes 
the most perfect burning lens ever 
constructed, 3^. 

Pencil, direct and oblique, defined, 
App. 9. 

Phantasmagoria, 377. 

Plates, thin, colors of, 90. Of air, 
water, and glass, 93. Thick, first 
observed and described by Sir I. 
Newton as produced by concave 
mirrors, 97 ; a method by which 
the colors may be best seen and 
their theory best studied, 99. Re- 
fraction through, App. 36. 

Polarization by reflexion, law of, 
App. 81. Relative to refiraction, 
App. 83. At second surfkce of a 
plate, App. &. Partial by reflex- 
ion. App. 83. By ordinary refrac- 
tion, App. 83. Circular ; this sub- 



ject studied with moch sagacity 
and success, by M. Biot, 185. Ellip- 
tical, 190. 

Porta, Baptists, his inventkm of Un 
camera obscura, 374. 

Primary plane, App. 19. 

Principal focal distance, 17. 

Prisms, refiraction of light throu^, 
33. App.S8. 

Prisms, crown glass, and diamond, 
the dispersi ve powers of, compared, 
71. 

Prism, meniscus, used for the came- 
ra obscura, by M. Chevalier of 
Paris, 371. 

Prisms, compound and variable, 371. 



duartz, 91. 



Radiant point, 18. 

Rainbow, primary and secondary, 
333. App. 86. l*he light of both 
wholly polarized in w. planes of 
the radii of the arch,S35. 

Ramage, Mr., of Aberdeen, con- 
structs various NeMrtonian tele- 
scopes; the largest of these is 
erected at the Royal Observatory 
of Greenwich, 397. 

Rays, reflexion of parallel, 15. App. 
14. Reflexion of diverging, 15. 
App. 14. Reflexion of converging, 
16. App. 16. Reflexion of, from 
concave mirrors, 16. App. 13. Re- 
flexion of, from convex mirrors, 30. 
App. 16. Incident ; refracted, 38. 
Focus of parallel; diverging; con- 
verging, for sphere, 39. App. 42. 
Parallel, 41. Rule for finding the 
focus of iiarallel for a glass un- 
equally convex, 43. App. 38. Rule 
for finding the focus of a convex 
lens for diverjp^ing rays, 43. App. 39. 
Rule for finding the focus of con- 
verging, 40. App. 44. Rule for find- 
ing the focus of a concave lens for 
divei^ng, 45. App. 46. Solar rays, 
the magnetizing power of, 83. 
Falling perpendicularly on ths 
surface of a prism, App. 39. 

Rectangular plates of glass with no 
double refraction, 199. 

Reflexion by specula and mirrors; 
angle of, 13. Plane of, 14. Fits of, 
111. Total, 34. App. 87. Formula) 
for, deduced from those of refrac- 
tion, An>. 27. Surfaces of accurate, 
App. 71. 

Refraction, angle of, 28 ; index of, 30. 
App. 38. Through prisms, 31. App. 
38. And lenses, 31. App. 31. The 
composition of white light discov« 



94 



iin>Ex. 



ered by, 63. Polarization by, 153. 
App. 83. Unusual, 215. Surfaces 
or accurate, App. 71. 

Rafk'actkm, double, the law of. as it 
exists in Iceland spar. 12t>. Law 
^f. Am>. 79. Conimunieated to 
bodies oy heat, rapid cooling, pres- 
sure, and induration. 135. Gene- 
ral observations on, S14. 

Refractive power, tables of. Author's 
App. 310. Absolute, 31(K 315. 

Biess and Moser^ MM., their experi- 
ments on the magnetizing power 
of solar rays. 85. , 

Rochon, 81. * ■ ' * 



S. 



Bcheele, the celebrated, 83. 

Scheiner, the' original account of a 
parhelioik seen by, 238. 

Sooresby, captain, in natigating the 
Greenland seas, observed several 
cases of unusual refraction, 217. 

Secondary plane, focal length in, 
found, App. 31. 

Seebeck, M.. his experiments on the 
heating power of the spectrum, 83. 
And on the chemical influence of, 
83. Published an account of ex- 
periments with cubes and glass 
cylinders, 203. 

Self-luminous bodies, 11. 

Senebier, 81. 

Solar spectrum consists of three 
colored spectra of equal lengths, — 
red, yellow, and blue, 68. 

Somcrville, Mrs., her experiments ; 
produces magnetism in needles, 
which were entirely free from 
magnetism before, by the solar 
rays ; her experiments repeated by 
M. Baiimgartncr, 84. 

Spectrum, the, 78. Properties of; 
the existence of fixed lines in, 78. 
Tlie illuminating power of, 80. 
Thn heating power of, 81. Chem- 
ical influencu of, 82. 

Spectacles, periscopic, invented by 
Dr. WoUaston, 207. 

Specula, plane, concave, and con- 
vex, 13. 

Sphere, rule for finding the focus of, 
40. App. 42. 

of glass, with a number of 

axes of double refraction, 201. 

Spherical surfaces, of same curva- 
ture, refraction by, 49. 

Spheroids, glass, with one axis of 
double refraction, 201. 

Substances with circular double re- 
fraction, 136. 

Sulphuric acid, 72. 



Surfaces, grooved, the productioii of 
color by ; and of the conmninieao / 
bility of these eotora to vmiicnn 
substances, 104; applied to tbe 
arts by John Barton, Esq.. 106. 

T. 

Tlibasheer, the refractive power of, 
239. 

Talbot. Mr., his experiments on the 
colors of thin plates. 97. His ob- 
servations on films of blown giacs, 
100. 

Teinoscope, 303. 

TelescQpe, reflecting, 50. Astronom- 
ical refracting, 51. Achromatic 
one, of the greatest inventions of 
the last century, pronounced by 
Newton to be hopeless; accom- 
plished soon after his death, by Mr. 
Hall ; brought to a high degree of 
perfection by Mr. Dollond, 76. Ter- 
restrial, 390. Galilean, 391. Gre- 
gorian reflecting, 291. A rule to 
find the magnifying power of, 293. 
Cassegrainian, 293. Newtonian, 
an improvement on the Gregorian 
one, 294. Sir William Ilerscfaers. 
296. Mr. Bamage's, 297. Achro- 
matic solar, with single lenses, 3a5. 
' Imperfectly Achromatic ; the im- 
provement of, 306. 

Thenard, the first who observed 
blackness produced on phosplio 
rus, 124. 

Thickness, correction for, App. 33. 

Topaz, Brazilian, 210. 

Tranbmission, fits of. 111. 

U. 

Undulations, theory of, 116 and 318 
Great progress of, in modern times; 
the doctrine of interference in ac- 
cordance with, 118. 



Vorpency, term used by Lloyd, App. 12 

Villele, M., of Lyons, burning in- 
struments made by, 266. 

Vince, Dr., his observations on un- 
usual refraction, 216. And on a 
most remarkable case of mirage, 
218. 

Vision, the seat of, 243. Erect, the 
cause of, from an inverted imago, 
246. Distinct, the law of, 247. Ob- 
lique, 248. 

Visible direction, the law of, 24o*. 
the centre of, 346. 
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Water, the abeorptive power of, 190. 
For beating rays, 317. 

Widlaiton, Dr., bii discoveries on 
the chemical eflfects of light* on 
gam guaiacum, 83. His invention 
of the periscopic spectacles, 267. 
Of the camera lucida, 877. Dou- 
blet, S84. Refraction through 
strata of air of diflferent densities 
proved by, 219. 

Wunsch, M., his observations 'on 
alcohol and oil of turpentine, 82. 



» 
Y. 



Young, Dr., his invention of the in> 
strument callM the erionieter, 101. 
His illustration of the nndulatory 
theory drawn from the spring a^d 
neap tides, 118. His experiments 
on the interference of the rays of 
light, U4. ' 

Z. 

Zantedeschi, M., his observations on 
oxidated magnets and those which 
are not oxidated; repeata Mr. 
Christie's experiment on needles 
vibrating in the Sun's light, 85. 



THE END 



1 



